Student Solutions Manual · 
ORGANIC CHEMISTRY 


fifth edition 


"Robert C.Atkins 7 
° Francis A. Carey, "ir а oz 0 


CONTENTS 


CHAPTER 


CHAPTER 


CHAPTER 


CHAPTER 


CHAPTER 


CHAPTER 


CHAPTER 


CHAPTER 


CHAPTER 


9 


CHAPTER 10 


CHAPTER 11 


CHAPTER 12 


Preface v 
To the Student vii 


CHEMICAL BONDING 1 

ALKANES 25 

CONFORMATIONS OF ALKANES AND CYCLOALKANES 46 
ALCOHOLS AND ALKYL HALIDES 67 


STRUCTURE AND PREPARATION OF ALKENES: 
ELIMINATION REACTIONS 90 


REACTIONS OF ALKENES: ADDITION REACTIONS 124 
STEREOCHEMISTRY 156 

NUCLEOPHILIC SUBSTITUTION 184 

ALKYNES 209 

CONJUGATION IN ALKADIENES AND ALLYLIC SYSTEMS 230 
ARENES AND AROMATICITY 253 


REACTIONS OF ARENES: 
ELECTROPHILIC AROMATIC SUBSTITUTION 279 


өөө 
п 


CHAPTER 


CHAPTER 


CHAPTER 


CHAPTER 


CHAPTER 


CHAPTER 


CHAPTER 


CHAPTER 


CHAPTER 


CHAPTER 


CHAPTER 


CHAPTER 


CHAPTER 


CHAPTER 


CHAPTER 


13 


14 


15 


16 


17 


18 


19 


20 


21 


22 


23 


24 


25 


26 


27 


APPENDIX A 


APPENDIX B 


SPECTROSCOPY 320 
ORGANOMETALLIC COMPOUNDS 342 
ALCOHOLS, DIOLS, AND THIOLS 364 
ETHERS, EPOXIDES, AND SULFIDES 401 


ALDEHYDES AND KETONES: NUCLEOPHILIC ADDITION 
TO THE CARBONYL GROUP 426 


ENOLS AND ENOLATES 470 
CARBOXYLIC ACIDS 502 


CARBOXYLIC ACID DERIVATIVES: 
NUCLEOPHILIC ACYL SUBSTITUTION 536 


ESTER ENOLATES 576 

AMINES 604 

ARYL HALIDES 656 

PHENOLS 676 

CARBOHYDRATES 701 

LIPIDS 731 

AMINO ACIDS, PEPTIDES, AND PROTEINS. NUCLEIC ACIDS 752 
ANSWERS TO THE SELF-TESTS 775 


TABLES 821 

B-1 Bond Dissociation Energies of Some Representative Compounds 821 
B-2 Acid Dissociation Constants 822 

B-3 Chemical Shifts of Representative Types of Protons 822 

B-4 Chemical Shifts of Representative Carbons 823 

B-5 Infrared Absorption Frequencies of Some Common Structural Units 823 


CONTENTS 


PREFACE 


ganic chemistry more meaningful and worthwhile. To be effective, a study guide should be more 
than just an answer book. What we present here was designed with that larger goal in mind. 

The Study Guide and Solutions Manual contains detailed solutions to all the problems in the text. 
Learning how to solve a problem is, in our view, more important than merely knowing the correct 
answer. To that end we have included solutions sufficiently detailed to provide the student with the 
steps leading to the solution of each problem. 

In addition, the Self-Test at the conclusion of each chapter is designed to test the student’s mas- 
tery of the material. Both fill-in and multiple-choice questions have been included to truly test the 
student’s understanding. Answers to the self-test questions may be found in Appendix A at the back 
of the book. 

The completion of this guide was made possible through the time and talents of numerous peo- 
ple. Our thanks and appreciation also go to the many users of the third edition who provided us with 
helpful suggestions, comments, and corrections. We also wish to acknowledge the assistance and 
understanding of Kent Peterson, Terry Stanton, and Peggy Selle of McGraw-Hill. Many thanks also 
go to Linda Davoli for her skillful copyediting. Last, we thank our wives and families for their un- 
derstanding of the long hours invested in this work. 


| is our hope that in writing this Study Guide and Solutions Manual we will make the study of or- 


Francis A. Carey 
Robert C. Atkins 


TO THE STUDENT 


order. You’ve probably heard that organic chemistry is difficult; there’s no denying that. It 
need not be overwhelming, though, when approached with the right frame of mind and with 
sustained effort. 

First of all you should realize that organic chemistry tends to “build” on itself. That is, once you 
have learned a reaction or concept, you will find it being used again and again later on. In this way 
it is quite different from general chemistry, which tends to be much more compartmentalized. In 
organic chemistry you will continually find previously learned material cropping up and being used 
to explain and to help you understand new topics. Often, for example, you will see the preparation 
of one class of compounds using reactions of other classes of compounds studied earlier in the year. 

How to keep track of everything? It might be possible to memorize every bit of information 
presented to you, but you would still lack a fundamental understanding of the subject. It is far better 
to generalize as much as possible. 

You will find that the early chapters of the text will emphasize concepts of reaction theory. These 
will be used, as the various classes of organic molecules are presented, to describe mechanisms of 
organic reactions. A relatively few fundamental mechanisms suffice to describe almost every reac- 
tion you will encounter. Once learned and understood, these mechanisms provide a valuable means 
of categorizing the reactions of organic molecules. 

There will be numerous facts to learn in the course of the year, however. For example, chemical 
reagents necessary to carry out specific reactions must be learned. You might find a study aid known 
as flash cards helpful. These take many forms, but one idea is to use 3 X 5 index cards. As an 
example of how the cards might be used, consider the reduction of alkenes (compounds with 
carbon-carbon double bonds) to alkanes (compounds containing only carbon-carbon single bonds). 
The front of the card might look like this: 


B efore beginning the study of organic chemistry, a few words about “how to do it" are in 


Alkenes ———— alkanes 


The reverse of the card would show the reagents necessary for this reaction: 


Н», Pt or Pd catalyst 


The card can actually be studied in two ways. You may ask yourself: What reagents will convert 
alkenes into alkanes? Or, using the back of the card: What chemical reaction is carried out with 
hydrogen and a platinum or palladium catalyst? This is by no means the only way to use the cards— 
be creative! Just making up the cards will help you to study. 

Although study aids such as flash cards will prove helpful, there is only one way to truly master 
the subject matter in organic chemistry— do the problems! The more you work, the more you will 
learn. Almost certainly the grade you receive will be a reflection of your ability to solve problems. 
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TO THE STUDENT 


Don’t just think over the problems, either; write them out as if you were handing them in to be 
graded. Also, be careful of how you use the Study Guide. The solutions contained in this book have 
been intended to provide explanations to help you understand the problem. Be sure to write out your 
solution to the problem first and only then look it up to see if you have done it correctly. 

Students frequently feel that they understand the material but don’t do as well as expected on 
tests. One way to overcome this is to “test” yourself. Each chapter in the Study Guide has a self-test 
at the end. Work the problems in these tests without looking up how to solve them in the text. You'll 
find it is much harder this way, but it is also a closer approximation to what will be expected of you 
when taking a test in class. 

Success in organic chemistry depends on skills in analytical reasoning. Many of the problems 
you will be asked to solve require you to proceed through a series of logical steps to the correct 
answer. Most of the individual concepts of organic chemistry are fairly simple; stringing them to- 
gether in a coherent fashion is where the challenge lies. By doing exercises conscientiously you 
should see a significant increase in your overall reasoning ability. Enhancement of their analytical 
powers is just one fringe benefit enjoyed by those students who attack the course rather than simply 
attend it. 

Gaining a mastery of organic chemistry is hard work. We hope that the hints and suggestions 
outlined here will be helpful to you and that you will find your efforts rewarded with a knowledge 
and understanding of an important area of science. 


Francis A. Carey 
Robert C. Atkins 


SOLUTIONS TO TEXT PROBLEMS 
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CHAPTER 1 
CHEMICAL BONDING 


1.1 The element carbon has atomic number 6, and so it has a total of six electrons. Two of these elec- 
trons are in the 1s level. The four electrons in the 2s and 2p levels (the valence shell) are the valence 
electrons. Carbon has four valence electrons. 


1.2 


Electron configurations of elements are derived by applying the following principles: 


(a) The number of electrons in a neutral atom is equal to its atomic number Z. 

(b) The maximum number of electrons in any orbital is 2. 

(c) Electrons are added to orbitals in order of increasing energy, filling the 1s orbital before any 
electrons occupy the 2s level. The 2s orbital is filled before any of the 2p orbitals, and the 
3s orbital is filled before any of the 3p orbitals. 

(d) АП the 2p orbitals (2p,, 2p,, 2p.) are of equal energy, and each is singly occupied before any 
is doubly occupied. The same holds for the 3p orbitals. 

With this as background, the electron configuration of the third-row elements is derived as 
follows [2p° = 2p, 2p,2p_): 


Na (Z = 11) 
Mg (Z = 12) 
Al (Z = 13) 
Si (2 = 14) 
Р (Z=15) 
S (Z= 16) 
СІ (Z = 17) 
Ar (Z = 18) 


1522522р®35! 
1522522р®35> 
1522522р®35°3р,! 
1522522р®35?3р,'Зр,! 
19°2s°2p°3s°3p,'3p,'3p,' 
1s°2s°2p%3s°3p 3p, 3p; 
1522522р®Зѕ3р 23 Py 3p! 
15725 2ре3 Зр,3 Py 3p? 
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1.3 The electron configurations of the designated ions are: 


1.4 


1.5 


1.6 


1.7 


Number of Electrons Electron Configuration 
Ion Z in Ion of Ion 
(b) Het 2 1 15! 
(co) H 1 2 152 
(d O^ 8 9 15°25°2р„2р„ 2р; 
(e) Е 9 10 1522522р® 
( Са“ 20 18 15725 2ре3а ре 


Those with a noble gas configuration аге Н, Е”, and Са“. 


A positively charged ion is formed when an electron is removed from a neutral atom. The equation 
representing the ionization of carbon and the electron configurations of the neutral atom and the ion 
is: 


C —— Ct +e 
15°25°2р 2p! 122 2р ! 


A negatively charged carbon is formed when an electron is added to a carbon atom. The addi- 
tional electron enters the 2р, orbital. 


С +o ———> C^ 
1522522р 12р! 1522522р 1р 12р! 
Neither С“ nor С“ has a noble gas electron configuration. 


Hydrogen has one valence electron, and fluorine has seven. The covalent bond in hydrogen fluoride 
arises by sharing the single electron of hydrogen with the unpaired electron of fluorine. 


Combine H- and Е: to give the Lewis structure for hydrogen fluoride Н:Ё: 


We are told that C,H, has a carbon-carbon bond. 


to write the HH 
Thus, we combine two C andsix H- Lewis structure H:C:C:H 
of ethane HH 


There are a total of 14 valence electrons distributed as shown. Each carbon is surrounded by eight 
electrons. 


(b)  Eachcarbon contributes four valence electrons, and each fluorine contributes seven. Thus, СЕ, 
has 36 valence electrons. The octet rule is satisfied for carbon only if the two carbons are at- 
tached by a double bond and there are two fluorines on each carbon. The pattern of connections 
shown (below left) accounts for 12 electrons. The remaining 24 electrons are divided equally 
(six each) among the four fluorines. The complete Lewis structure is shown at right below. 


(c) Since the problem states that the atoms in САМ are connected in the order CCCN and all hy- 
drogens are bonded to carbon, the order of attachments can only be as shown (below left) so 
as to have four bonds to each carbon. Three carbons contribute 12 valence electrons, three hy- 
drogens contribute 3, and nitrogen contributes 5, for a total of 20 valence electrons. The nine 


1.8 


1.9 
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bonds indicated in the partial structure account for 18 electrons. Since the octet rule is satis- 
fied for carbon, add the remaining two electrons as an unshared pair on nitrogen (below right). 


H H 
Wu is NE as 
и ке 74 Е" 
Н C=N H C=N: 
The degree of positive or negative character at carbon depends on the difference in electronegativ- 


ity between the carbon and the atoms to which it is attached. From Table 1.2, we find the elec- 
tronegativity values for the atoms contained in the molecules given in the problem are: 


Li 1.0 
H 2.1 
С 2.5 
CI 3.0 


Thus, carbon is more electronegative than hydrogen and lithium, but less electronegative than 
chlorine. When bonded to carbon, hydrogen and lithium bear a partial positive charge, and carbon 
bears a partial negative charge. Conversely, when chlorine is bonded to carbon, it bears a partial neg- 
ative charge, and carbon becomes partially positive. In this group of compounds, lithium is the least 
electronegative element, chlorine the most electronegative. 


Methyllithium; Chloromethane; 
most negative most positive 
character at carbon character at carbon 


(b) The formal charges in sulfuric acid are calculated as follows: 


Valence Electrons in 


Neutral Atom Electron Count Formal Charge 

Hydrogen: 1 42) = 1 0 
Oxygen (of OH): 6 4) + 4 = 6 0 
Oxygen: 6 42) +6=7 -1 
Sulfur: 6 X8) +0=4 +2 

Н 

өү а, 
KODE 


(c) The formal charges in nitrous acid are calculated as follows: 


Valence Electrons in 


Neutral Atom Electron Count Formal Charge 
Hydrogen: 1 102) =1 0 
Oxygen (of OH): 6 104) + 4 = 6 0 
Oxygen: 6 3(4) +4=6 0 
Nitrogen: 5 06) +2=5 0 
H—O—N=6: 
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1.10 The electron counts of nitrogen in ammonium ion and boron in borohydride ion are both 4 (one half 
of 8 electrons in covalent bonds). 


Ammonium ion Borohydride ion 


Since a neutral nitrogen has 5 electrons in its valence shell, an electron count of 4 gives it a formal 
charge of +1. A neutral boron has 3 valence electrons, and so an electron count of 4 in borohydride 
ion corresponds to а formal charge of — 1. 


111 As shown in the text in Table 1.2, nitrogen is more electronegative than hydrogen and will draw the 
electrons in N—H bonds toward itself. Nitrogen with a formal charge of +1 is even more elec- 
tronegative than a neutral nitrogen. 


ô+ 
H H 
— | ô+ | ô+ 
H—N—H H—N-—H 
| | <= |2* 
ô+ 


Boron (electronegativity = 2.0) is, on the other hand, slightly less electronegative than hydrogen 
(electronegativity = 2.1). Boron with a formal charge of —1 is less electronegative than a neutral 
boron. The electron density in the В —Н bonds of BH, is therefore drawn toward hydrogen and 
away from boron. 


H H 
<— | 6— | 6— 
H—B—H H—B—H 
+ | +> |ê- 
YH 


1.12 (b) The compound (CH,),CH has a central carbon to which are attached three CH, groups and a 
hydrogen. 


H 


| 
H—C—H 


Four carbons and 10 hydrogens contribute 26 valence electrons. The structure shown has 
13 covalent bonds, and so all the valence electrons are accounted for. The molecule has no 
unshared electron pairs. 

(c) The number of valence electrons in СІСН,СН,СІ is 26 (2С1 = 14; АН = 4; 2C = 8). The 
constitution at the left below shows seven covalent bonds accounting for 14 electrons. The re- 
maining 12 electrons are divided equally between the two chlorines as unshared electron 
pairs. The octet rule is satisfied for both carbon and chlorine in the structure at the right below. 
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(d) This compound has the same molecular formula as the compound in part (c), but a different 
structure. It, too, has 26 valence electrons, and again only chlorine has unshared pairs 


H H 
m mm 
H :С: 


(e) The constitution of CH,NHCH,CH, is shown (below left). There are 26 valence electrons, and 
24 of them are accounted for by the covalent bonds in the structural formula. The remaining 


two electrons complete the octet of nitrogen as an unshared pair (below right). 


H ii H H H 
H—C—N—C—C—H H—C—Ñ—C | 
H H H H H 
(f) Oxygen has two unshared pairs in (CH4),CHCH —O. 
| 
H—C—H 
H T C—cC=6: 
H H 
1.13 (b) This compound has a four-carbon chain to which are appended two other carbons. 
CH, H 
А : E ШЕ which may Бе 
is equivalent to CH,—C C—CH, tora (CH,),CHCH(CH,), 
H CH, 
(c) The carbon skeleton is the same as that of the compound in part (b), but one of the terminal 
carbons bears an OH group in place of one of its hydrogens. 
H 
HO —C— 
ша. Н which may be oe 
is equivalent to fe abn a 
CH,— | ден CH,CHCH(CH,), 
H CH, 
(d) The compound is a six-membered ring that bears a — C(CH,), substituent. 
| „Н 
= сс“ 
is equivalent to His / ym м Н 
q С 8 FX еН» rewritten as C(CHj); 
C—CH, 
/ 
н н HCH; 


1.14 The problem specifies that nitrogen and both oxygens of carbamic acid are bonded to carbon and 
one of the carbon-oxygen bonds is a double bond. Since a neutral carbon is associated with four 
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bonds, a neutral nitrogen three (plus one unshared electron pair), and a neutral oxygen two (plus two 
unshared electron pairs), this gives the Lewis structure shown. 


| 
Бата: 


н 


Carbamic acid 
1.15 (b) There are three constitutional isomers of C,H,O: 


|! 
CH,CH,CH,OH = CH,CHCH, — CH,CH,OCH, 


(c) Four isomers of C,H,,O have — ОН groups: 


ites 
CH,CH,CH,CH,OH | CH,CHCH,CH, CH,CHCH,OH ок 


| | 
:ОН CH, CH, 


Three isomers have C—O—C units: 
CH,OCH,CH,CH, | CH,CH,OCH,CH, CELOT HOH; 
CH, 
1.16 (b) Move electrons from the negatively charged oxygen, as shown by the curved arrows. 
O: ог 
се д 


09-с =—— :О==С Equivalent to original structure 


“ӧн ü—H 


The resonance interaction shown for bicarbonate ion is more important than an alternative one 
involving delocalization of lone-pair electrons in the OH group. 


CQ: ог 
= Z 2.05 / Not equivalent to original structure; not as 
QC, eee ЈЕ stable because of charge separation 
O—H O—H 


(с) АП three oxygens are equivalent in carbonate ion. Either negatively charged oxygen can serve 
as the donor atom. 


CO: ог 
p =“ 
бг бг 
: ог 
Ti -б—с 
Te. NES " s NN 
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(d) Resonance in borate ion is exactly analogous to that in carbonate. 


ZU JE 

—:0- В :0—B 
CY z 
Ng: Nos 
and 

Со: 
up аы e 
:O—B :O— В 

Хо: “6: 


1.17 There are four B—H bonds in BH, . The four electron pairs surround boron in a tetrahedral orien- 
tation. The H—B —H angles are 109.5°. 


1.18 (b) Nitrogen in ammonium ion is surrounded by 8 electrons in four covalent bonds. These four 
bonds are directed toward the corners of a tetrahedron. 


МН Each HNH angle is 109.5°. 


(c) Double bonds are treated as a single unit when deducing the shape of a molecule using the 
VSEPR model. Thus azide ion is linear. 


m ар m 
GNZN-NS The NNN angle is 180°. 


(d) Since the double bond in carbonate ion is treated as if it were a single unit, the three sets of 
electrons are arranged in a trigonal planar arrangement around carbon. 


l The OCO angle is 120°. 


1.19 (b) Water is a bent molecule, and so the individual O—H bond dipole moments do not cancel. 
Water has a dipole moment. 


Om 4 
H H H H 
Individual OH bond Direction of net 
moments in water dipole moment 


(c) Methane, CH,, is perfectly tetrahedral, and so the individual (small) C—H bond dipole 
moments cancel. Methane has no dipole moment. 
(d) Methyl chloride has a dipole moment. 


H H 
С: са: 
d — AEN 
H 
Directions of bond dipole Direction of molecular 


moments in СНС dipole moment 
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(e) Oxygen is more electronegative than carbon and attracts electrons from it. Formaldehyde has 
a dipole moment. 


H H 
~ \ 
C=O: C=O: 
7 / 
H H 
Direction of bond dipole Direction of molecular 
moments in formaldehyde dipole moment 


(f) Nitrogen is more electronegative than carbon. Hydrogen cyanide has a dipole moment. 


+> +> —> 
H—C=N: H—C=N: 

Direction of bond dipole Direction of molecular 
moments in HCN dipole moment 


1.20 Тһе orbital diagram for sp^-hybridized nitrogen is the same as for sp*-hybridized carbon, except 
nitrogen has one more electron. 


„++ 


| » + 
> 
58 
eas pgs 
5 
Ground electronic sp? hybrid 
state of nitrogen state of nitrogen 


(a) (b) 


The unshared electron pair in ammonia (: NH4) occupies an sp?-hybridized orbital of nitrogen. Each 
N—H bond corresponds to overlap of a half-filled sp? hybrid orbital of nitrogen and a 15 orbital of 
hydrogen. 


1.21 Silicon lies below carbon in the periodic table, and it is reasonable to assume that both carbon and 
silicon are sp?-hybridized in H,CSiH,. The C— Si bond and all of the C—H and Si—H bonds are 
с bonds. 


С(25р?) — Si(3sp?) с bond 
H|H 


acu d am 


CQsp?) —H(1s) с bond H—C—Si—H Si(3sp?) —H(1s) с bond 


H H 


The principal quantum number of the carbon orbitals that are hybridized is 2; the principal quantum 
number for the silicon orbitals is 3. 


1.22 (b) Carbon in formaldehyde (ЊС==0) is directly bonded to three other atoms (two hydrogens 
and one oxygen). It is sp?-hybridized. 
(c) Каепе has two carbons in different hybridization states. One is sp^-hybridized; the other is 
sp-hybridized. 


H,C=C=O 


Bonded to Bonded to 
three atoms: sp? two atoms: sp 


1.23 


1.24 


1.25 
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(d) One of the carbons in propene is sp*-hybridized. The carbons of the double bond are 
sp’-hybridized. 


зр? sp” sp? 
H,C—CH=CH, 


(e) The carbons of the CH, groups in acetone [(CH,),C—O] аге sp?^-hybridized. The С=О 
carbon is sp’-hybridized. 
(f) Thecarbons in acrylonitrile are hybridized as shown: 


5р? sp? sp 
H,C=CH—C=N 


All these species are characterized by the formula :X=Y:, and each atom has an electron count 
of 5. 


| T | 
Unshared electron pair Unshared electron pair 
contributes 2 electrons contributes 2 electrons 
to electron count of X. to electron count of Y. 


Triple bond contributes half of its 6 
electrons, or 3 electrons each, to 
separate electron counts of X and Y. 


Electron count X = electron count Y = 2 + 3 = 5 


(a) МЕ: A neutral nitrogen atom has 5 valence electrons: therefore, each atom is electri- 
cally neutral in molecular nitrogen. 
(b) | :CzN: Nitrogen, as before, is electrically neutral. A neutral carbon has 4 valence 


electrons, and so carbon in this species, with an electron count of 5, has a unit 
negative charge. The species is cyanide anion; its net charge is — 1. 


(c) :СЕЕС: There are two negatively charged carbon atoms in this species. It is a dianion; its 
net charge is —2. 
(d) :N=oO: Here again is a species with a neutral nitrogen atom. Oxygen, with an electron 


count of 5, has 1 less electron in its valence shell than a neutral oxygen atom. 
Oxygen has a formal charge of +1; the net charge is +1. 

(e) :С=0: Carbon has a formal charge of —1; oxygen has a formal charge of +1. Carbon 
monoxide is a neutral molecule. 


All these species are of the type :Y=X=Y-:. Atom X has an electron count of 4, corresponding to 
half of the 8 shared electrons in its four covalent bonds. Each atom Y has an electron count of 6; 4 
unshared electrons plus half of the 4 electrons in the double bond of each Y to X. 


(a) :б=<=0: Oxygen, with ап electron count of 6, and carbon, with an electron count of 4, 
both correspond to the respective neutral atoms in the number of electrons 
they “own.” Carbon dioxide is a neutral molecule, and neither carbon nor 
oxygen has a formal charge in this Lewis structure. 

(b) :N=N=N: The two terminal nitrogens each have an electron count (6) that is one more 
than a neutral atom and thus each has a formal charge of — 1. The central N 
has an electron count (4) that is one less than a neutral nitrogen; it has a for- 
mal charge of +1. The net charge on the species is (—1 + 1 — 1), or —1. 

(cp :б=—=м=б: As in part (b), the central nitrogen has a formal charge of +1. As in part (a), 
each oxygen is electrically neutral. The net charge is +1. 


(a, b) The problem specifies that ionic bonding is present and that the anion is tetrahedral. The 
cations are the group I metals Na* and Li*. Both boron and aluminum are group III 


10 
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elements, and thus have a formal charge of — 1 in the tetrahedral anions ВЕ, and АН, 


respectively. 
F A 
i “а Е T EJ 
Na* F—B Lit H—AI 
BN N 
F H 
Sodium tetrafluoroborate Lithium aluminum hydride 


(c, d) Both of the tetrahedral anions have 32 valence electrons. Sulfur contributes 6 valence elec- 
trons and phosphorus 5 to the anions. Each oxygen contributes 6 electrons. The double 
negative charge in sulfate contributes 2 more, and the triple negative charge in phosphate 
contributes 3 more. 


2K* ~:O—S?+ 3Na* :0—P 
= л PN 
б: б: 
Potassium sulfate Sodium phosphate 


The formal charge on each oxygen in both ions is — 1. The formal charge on sulfur in sulfate 
is +2; the charge on phosphorus is + 1. The net charge of sulfate ion is —2; the net charge of 
phosphate ion is —3. 


1.26 (a) Each hydrogen has a formal charge of 0, as is always the case when hydrogen is covalently 
bonded to one substituent. Oxygen has an electron count of 5. 


H—O—H Electron count of oxygen = 2 + 1(6) = 5 


H Unshared Ба Sec Covalently 


pair bonded electrons 


A neutral oxygen atom has 6 valence electrons; therefore, oxygen in this species has a formal 
charge of +1. The species as a whole has a unit positive charge. It is the hydronium ion, H4O *. 

(b) The electron count of carbon is 5; there are 2 electrons in an unshared pair, and 3 electrons аге 
counted as carbon's share of the three covalent bonds to hydrogen. 


a Two electrons “owned” by carbon. 
H:C:H 


HW One of the electrons in each C—-H bond “belongs” to carbon. 


An electron count of 5 is one more than that for a neutral carbon atom. The formal charge on 
carbon is — 1, as is the net charge on this species. 

(c) This species has 1 less electron than that of part (b). None of the atoms bears a formal charge. 
The species is neutral. 


Ed Electron count of carbon = 1 + 1(6) = 4 
H Unshared Electrons shared 
electron in covalent bonds 


(d) The formal charge of carbon in this species is +1. Its only electrons are those in its three 
covalent bonds to hydrogen, and so its electron count is 3. This corresponds to 1 less electron 
than in a neutral carbon atom, giving it a unit positive charge. 
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(e) In this species the electron count of carbon is 4, or, exactly as in part (c), that of a neutral 
carbon atom. Its formal charge is 0, and the species is neutral. 


Two unshared electrons contribute 2 
go to the electron count of carbon. 


H—C+H 
SM Half of the 4 electrons in the two covalent bonds 
contribute 2 to the electron count of carbon. 


1.27 Oxygen is surrounded by a complete octet of electrons in each structure but has a different “electron 
count" in each one because the proportion of shared to unshared pairs is different. 


(a) CH4Q: (b) CH,OCH, (c) кое. 
CH, 
Electron count Electron count Electron count 
=6+ 70) = 7; =4+4(4) = 6; =2+ (6) = 5; 
formal charge = — 1 formal charge = 0 formal charge = +1 


1.28 (а) Each carbon has 4 valence electrons, each hydrogen 1, and chlorine has 7. Hydrogen and chlo- 
rine each can form only one bond, and so the only stable structure must have a carbon-carbon 
bond. Of the 20 valence electrons, 14 are present in the seven covalent bonds and 6 reside in 
the three unshared electron pairs of chlorine. 


H H 
HH . ll. salle ie 
H:C:C:CI: or Н—С—С— СЕ 
HH a 
H H 


(b) Asin part (a) the single chlorine as well as all of the hydrogens must be connected to carbon. 
There аге 18 valence electrons in С,Н,СІ, and the framework of five single bonds accounts for 
only 10 electrons. Six of the remaining 8 are used to complete the octet of chlorine as three 
unshared pairs, and the last 2 are used to form a carbon-carbon double bond. 


С: 
= 
$ 


\ 
‚зб. ог C=C 
Н:С::С: S N 


(c) All of the atoms except carbon (H, Br, Cl, and F) are monovalent; therefore, they can only be 
bonded to carbon. The problem states that all three fluorines are bonded to the same carbon, 
and so one of the carbons is present as a CF, group. The other carbon must be present as a 
CHBrCl group. Connect these groups together to give the structure of halothane. 


: Е Н 
ЕС ОСЕ ог F—C—C—Cl (Unshared electron pairs omitted for clarity) 
:Е Вг: 
EE F Br 


(d) As in part (c) all of the atoms except carbon are monovalent. Since each carbon bears one 
chlorine, two CICF, groups must be bonded together. 


| 


:F: 
: C:CI: or Cl—C—C—Cl (Unshared electron pairs omitted for clarity) 
Hr : 


| | 
F F 


12 


1.29 


1.30 


1.31 


CHEMICAL BONDING 


Place hydrogens on the given atoms so that carbon has four bonds, nitrogen three, and oxygen two. 
Place unshared electron pairs on nitrogen and oxygen so that nitrogen has an electron count of 5 and 
oxygen has an electron count of 6. These electron counts satisfy the octet rule when nitrogen has 
three bonds and oxygen two. 


H 
(a) H—C—N=6: (с) аса 
H H 


(b H—C—N—Ó-—H (4) а ен 
H H H 


(a) Species A, B, and C have the same molecular formula, the same atomic positions, and the 
same number of electrons. They differ only in the arrangement of their electrons. They are 
therefore resonance forms of a single compound. 


HS + He LN H TOS 
у 5н Е deco: 
H H H 
A B C 


(b) Structure A has a formal charge of —1 on carbon. 

(c) Structure C has a formal charge of +1 on carbon. 

(d) Structures A and B have formal charges of +1 on the internal nitrogen. 

(e) Structures B and C have a formal charge of — 1 on the terminal nitrogen. 

(f) Allresonance forms of a particular species must have the same net charge. In this case, the net 
charge on A, B, and C is 0. 

(g) Both A and B have the same number of covalent bonds, but the negative charge is on a 
more electronegative atom in B (nitrogen) than it is in A (carbon). Structure B is more stable. 

(h) Structure B is more stable than structure C. Structure B has one more covalent bond, all of its 
atoms have octets of electrons, and it has a lesser degree of charge separation than C. The 
carbon in structure C does not have an octet of electrons. 

(i) Тһе CNN unit is linear in A and B, but bent in C according to VSEPR. This is an example of 
how VSEPR can fail when comparing resonance structures. 


The structures given and their calculated formal charges are: 


-1 +1 AW 24.1 PE ie ae 
H—C=N=0: H—C=N—O: H—CzN-—9Q: H—C-—N--O: 


A B C D 


(a) Structure D contains a positively charged carbon. 

(b) Structures A and B contain a positively charged nitrogen. 

(c) None of the structures contain a positively charged oxygen. 

(d) Structure A contains a negatively charged carbon. 

(e) None of the structures contain a negatively charged nitrogen. 

(f) Structures B and D contain a negatively charged oxygen. 

(e) АП the structures are electrically neutral. 

(h) Structure B is the most stable. All the atoms except hydrogen have octets of electrons, and the 
negative charge resides on the most electronegative element (oxygen). 

(i) Structure C is the least stable. Nitrogen has five bonds (10 electrons), which violates the octet 
rule. 
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1.32 (a) These two structures are resonance forms since they have the same atomic positions and the 
same number of electrons. 


2-5 Ук. x xs Ñ = 
:N N-cN: INNEN: 


16 valence electrons 16 valence electrons 
(net charge = —1) (net charge — —1) 


(b) The two structures have different numbers of electrons and, therefore, can't be resonance forms 
of each other. 


2— 4. + "ME he areis 
IN—NEEN: :N—N=N: 
16 valence electrons 14 valence electrons 
(net charge — 1) (net charge + 1) 


(с) These two structures have different numbers of electrons; they are not resonance forms. 


>:N—N=N: 2:02 


16 valence electrons 20 valence electrons 
(net charge = —1) (net charge = —5) 


1.33 Structure C has 10 electrons surrounding nitrogen, but the octet rule limits nitrogen to 8 electrons. 
Structure C is incorrect. 


CH,—N-Q: Not a valid Lewis structure! 


CH, 


1.34 (а) The terminal nitrogen has only 6 electrons; therefore, use the unshared pair of the adjacent 
nitrogen to form another covalent bond. 


| T a || a structure that | 

elec rons ot the | H— О: has octets about H—C—NEN: 
nitrogen lone pair | d both nitrogen | = 
as shown by the atoms is obtained. 

arrow 


In general, move electrons from sites of high electron density toward sites of low electron den- 
sity. Notice that the location of formal charge has changed, but the net charge on the species 
remains the same. 

(b) The dipolar Lewis structure given can be transformed to one that has no charge separation by 
moving electron pairs as shown: 


Cor Q 

a # 
НС} нс 

КОН O—H 


(c) Move electrons toward the positive charge. Sharing the lone pair gives an additional covalent 
bond and avoids the separation of opposite charges. 


"CH, Сён, 


CH,—CH, 
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1.35 


1.36 


(d) 


(е) 


(f) 


(g) 


(h) 


(0 


(р) 


(а) 


CHEMICAL BONDING 


Octets of electrons at all the carbon atoms can be produced by moving the electrons toward 
the site of positive charge. 


ње спусне, 


As in part (4), move the electron pairs toward ће carbon atom that has опу 6 electrons. 


E 


H,C-——CH-CH--Ór 


H,C—CH—CH=CH, 


H,C=CH—CH=0: 


The negative charge can be placed on the most electronegative atom (oxygen) in this molecule 
by moving electrons as indicated. 


H О: H Or 

bor 
uci poe 

H H H H 


Octets of electrons are present around both carbon and oxygen if an oxygen unshared electron 
pair is moved toward the positively charged carbon to give an additional covalent bond. 


42 + 
н—С-©б: н— С=О: 


This exercise is similar to part (g); move electrons from oxygen to carbon so as to produce an 
additional bond and satisfy the octet rule for both carbon and oxygen. 


H 
Seu 
H 


By moving electrons from the site of negative charge toward the positive charge, a structure 
that has no charge separation is generated. 


H- " UN 
CO gH, C—N—NH, 
H H 


Sulfur is in the same group of the periodic table as oxygen (group VI A) and, like oxygen, has 
6 valence electrons. Sulfur dioxide, therefore, has 18 valence electrons. A Lewis structure in 
which sulfur and both oxygens have complete octets of electrons is: 


.. sk .. — 
:0==5—0: 
Move an electron pair from the singly bonded oxygen in part (а) to generate a second double 
bond. The resulting Lewis structure has 10 valence electrons around sulfur. It is a valid 
Lewis structure because sulfur can expand its valence shell beyond 8 electrons by using its 
3d orbitals. 


To generate constitutionally isomeric structures having the molecular formula С.Н, you need 
to consider the various ways in which four carbon atoms can be bonded together. These are 


є=с—с=—с апа S 
C 
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Filling in the appropriate hydrogens gives the correct structures: 


CH,CH,CH,CH, апа инен, 


CH, 
Continue with the remaining parts of the problem using the general approach outlined for 
part (a). 
(b СН, 


CH,CH,CH,CH,CH, ныр Pos м 
CH, CH, 


(c) СЫС 
CH,CHCL аа CICH,CH,Cl 


(d) C,HjBr 


CH, 


| 
CH,CH,CH,CH,Br кинен, кн Sce 


Br CH, CH, 
(е) GHN 
„єн, 
снснснхн,  CH,CH,NHCH, Сн, CH,CHNE, 
сн, CH, 


Note that when the three carbons and the nitrogen are arranged in a ring, the molecular 
formula based on such a structure is C,H,N, not СНОМ as required. 


ОШ. 
H,C—NH 


(not an isomer) 


1.37 (а) All three carbons must be bonded together, and each one has four bonds; therefore, the mo- 
lecular formula C,H, uniquely corresponds to: 


H H H 


| | 
ат = ен (CH,CH,CH,) 
H H H 


(b) With two fewer hydrogen atoms than the preceding compound, either C,H, must contain 
a carbon-carbon double bond or its carbons must be arranged in a ring; thus the following 
structures are constitutional isomers: 


H,C—CHCH, and H,C—CH, 
NZ 
CH, 
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(c) The molecular formula C,H; is satisfied by the structures 
ЊС=<=<Н, HC=CCH, HC—CH 
РА 
СН, 


1.38 (а) Тһе only atomic arrangements of C,H,O that contain only single bonds must have a ring as 
part of their structure. 


H,C—CHOH  H,C—CHCH,  H,C—CH, 
SZ 2 [ 
Сн, О O—CH, 


(b) Structures corresponding to C,H,O are possible in noncyclic compounds if they contain а 
carbon-carbon or carbon-oxygen double bond. 


1 | 
CH,CH,CH CH,CCH, | CH,CH—CHOH CH,OCH —CH, 
CH —CH, H,C—CHCH,OH 
OH 


1.39 The direction of a bond dipole is governed by the electronegativity of the atoms it connects. In each 
of the parts to this problem, the more electronegative atom is partially negative and the less elec- 
tronegative atom is partially positive. Electronegativities of the elements are given in Table 1.2 of 


the text. 
(a) Chlorine is more electronegative (d) Oxygen is more electronegative than 
than hydrogen. hydrogen. 
T— 
H—Cl KP 
H H 
(b) Chlorine is more electronegative (e) Oxygen is more electronegative than 
than iodine. either hydrogen or chlorine. 
О 
I—CI X ON 
H Cl 
(c) Iodine is more electronegative than 
hydrogen. 
—=— 
H—I 


1.40 The direction of a bond dipole is governed by the electronegativity of the atoms involved. Among 
the halogens the order of electronegativity is F > Cl > Br > I. Fluorine therefore attracts electrons 
away from chlorine in ЕСІ, and chlorine attracts electrons away from iodine in ICI. 


-——r —— 
F—CI I—Cl 
и = 0.90 и = 07р 
Chlorine is the positive end of the dipole in ЕСІ and the negative end in ICI. 


141 (a) Sodium chloride is ionic; it has a unit positive charge and a unit negative charge separated 
from each other. Hydrogen chloride has a polarized bond but is a covalent compound. Sodium 
chloride has a larger dipole moment. The measured values are as shown. 


Na* СГ is more polar than H—Cl 
и94р 1.102 


CHEMICAL BONDING 17 


(b) Fluorine is more electronegative than chlorine, and so its bond to hydrogen is more polar, as 
the measured dipole moments indicate. 


+— —=— 


H—F is more polar than H—Cl 
и170р ш11Р 


(c) Boron trifluoride is planar. Its individual B—F bond dipoles cancel. It has no dipole moment. 


— i! 
H—F i lar th i 
= t 
is more polar than 2 
Е 


и 1.7) шор 


(d) A carbon-chlorine bond is strongly polar; carbon-hydrogen and carbon-carbon bonds аге 


only weakly polar. 
IT | 
xL CN А С 
= oS a 
HC | > "CH, is more polar than H, с“ = CH, 
CH, CH, 
и21р и 0.10 


(e) А carbon-fluorine bond in CCLF opposes the polarizing effect of the chlorines. The 
carbon-hydrogen bond in CHCl, reinforces it. CHCl, therefore has a larger dipole moment. 


F 
| 
с BE is more polar than CE. 


p 10D p 0.52 


(f) Oxygen is more electronegative than nitrogen; its bonds to carbon and hydrogen are more 
polar than the corresponding bonds formed by nitrogen. 


х2 Ox, х2 N ы. 
H,C H is more polar than HC: “н 
H 
w1.7D и13р 


(g) Тһе Lewis structure for CH,NO, has a formal charge of +1 on nitrogen, making it тоге 
electron-attracting than the uncharged nitrogen of СН.МН.. 


а= =. Pa 
He is more polar than о 
О Н 
и3.1р w13D 


1.42 (a) There are four electron pairs around carbon in :CH,; they are arranged in a tetrahedral fashion. 
The atoms of this species are in a trigonal pyramidal arrangement. 
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1.43 
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m 
(b) Only three electron pairs are present in СН», and so it is trigonal planar. 


120° 
„+ 
120° C—H 
н? 
120° 


(c) Asin part (D), there are three electron pairs. When these electron pairs are arranged in a plane, 
the atoms in :CH, are not collinear. The atoms of this species are arranged in a bent structure 
according to VSEPR considerations. 


The structures, written in a form that indicates hydrogens and unshared electrons, are as shown. Re- 
member: A neutral carbon has four bonds, a neutral nitrogen has three bonds plus one unshared elec- 
tron pair, and a neutral oxygen has two bonds plus two unshared electron pairs. Halogen substituents 
have one bond and three unshared electron pairs. 


(a) PW NM is equivalent to (CH,),CCH,CH(CH;), 


p 
(b) S | _z isequivalentto — (CH,),C—=CHCH,CH,CCH=CH, 
ЈЕ 
H 
H pe Н 
| | 
(c) is equivalent to H—C.. ле 
Не T H 
Her qe een 
H 


ОН 


OH | 
(d) p eee is equivalent to CH,CHCH;CH;CH;CH;CH,; 
ieee 


0: 
(е) is equivalent to CH,CCH,CH,CH,CH,CH, 
| 
н C H 


C) O is equivalent to | | 
ис 2С 
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С С С 
(8) is equivalent to | || | 
С С С 

H^ Sc “~ сё ч 


| | й 
н 
EN 
|| ОССН 
OCCH, о. 3 
(ћ) CX is equivalent to | | 
С С 
H 2 2s 
[9 u^ тс” “сбн 
O б: 
H,C—CH, 
| Не CH 
H C PA хи 2 
и 
WE in 3 1 3 
(i) P is equivalent to CH 
N CH „С у 
3 u^ РА ^g 
(7) 
| р a | 
\ 
Bre zx aN pU ser 
чу РА 
is equivalent to | | С=< | | 
pu A DO 
H С C С Вт 
ME E | 
H H 
(К) 
AE. 
OH OH d 2 
CI C CH, C Cl: 
Cl Cl сё Now Mae “< 
is equivalent to | { I ( 
TET 2 
CICI УСО ey 
CI | 
Cl СІ 
144 (a) СНа; (2) СН 


(b Сун. @ CHO, 

(c) СН; () | C4 HN, 

(d) CHO (J) C, H,Br,N)O, 

(e) СНО (k) Cg4H4Cl,0, 

(f) СН, 

Isomers are different compounds that have the same molecular formula. Two of these compounds, 
(b) and (c), have the same molecular formula and are isomers of each other. 
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1.45 (a) 


(b) 
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Carbon is sp*-hybridized when it is directly bonded to four other atoms. Compounds (a) and 
(d) in Problem 1.43 are the only ones in which all of the carbons are sp*-hybridized. 


Su unm 


(a) 


(d) 


Carbon is sp?-hybridized when it is directly bonded to three other atoms. Compounds ( f), (2), 
and (j) in Problem 1.43 have only sp?-hybridized carbons. 


H 
H H 
H H 
H 
Cf) 


None of the compounds in Problem 1.43 contain an sp-hybridized carbon. 


1.46 Тһе problem specifies that the second-row element is sp?-hybridized in each of the compounds. Any 
unshared electron pairs therefore occupy sp?-hybridized oribitals, and bonded pairs are located in 


o orbitals. 
(a) Ammonia 
H 
Н, = 
~ = 
М2 
/ Е Hybrid 
H orbital 


(b) 


(c) 


(d) 


Three ø bonds formed 
by sp?—s overlap 


Water 


H СТЕ 
ut o 


Two sp? hybrid 
orbitals 


Two o bonds formed by 
sp?—s overlap 


Hydrogen fluoride 
< — Three 
H= ew hybrid 
-)< orbitals 


One с bond formed by 
sp?-s overlap 


Ammonium ion 


H 


H nid H Four ø bonds formed 
и by 5р3-5 overlap 
H 


(e) 


ОШ 


(2) 


Borohydride anion 


H 
H, 
B—H Four ø bonds formed 
J by sp>—s overlap 
H 


Amide anion 


Bu PP CER Two sp? 
Нь hybrid 
“)~— orbitals 


Two o bonds formed 
by sp?—s overlap 


Methyl anion 


H 


ae 
и СЭ Hybrid orbital 


H 


H 


Three с bonds formed 
by sp?—s overlap 


1.47 


1.48 


1.49-1.55 


SELF-TEST 
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(a) The electron configuration of М is 1s°2s°2p,'2p,'2p,'. If the half-filled 2p,, 2p,, and 2p, 
orbitals are involved in bonding to H, then the unshared pair would correspond to the two 
electrons in the 2s orbital. 


(b) The three p orbitals 2p,, 2p,, and 2p, have their axes at right angles to one another. The 
H—N-—H angles would therefore be 90°. 


z 
"or 
REED NH --------х 
"d 
Н | 


A bonding interaction exists when two orbitals overlap “in phase” with each other, that is, when the 
algebraic signs of their wave functions are the same in the region of overlap. The following orbital 
is a bonding orbital. It involves overlap of an s orbital with the lobe of a p orbital of the same sign. 


cx» (c) (bonding) 


On the other hand, the overlap of an s orbital with the lobe of a p orbital of opposite sign is 


antibonding. 
cap (b) (antibonding) 


Overlap in the manner shown next is nonbonding. Both the positive lobe and the negative lobe of 
the p orbital overlap with the spherically symmetrical s orbital. The bonding overlap between the 
5 orbital and one lobe of the p orbital is exactly canceled by an antibonding interaction between the 
5 orbital and the lobe of opposite sign. 


(a) (nonbonding) 


Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man- 
ual. You should use Learning By Modeling for these exercises. 


PART A 


A-1. Write the electronic configuration for each of the following: 
(a) Phosphorus (b) Sulfide ion in Na,S 


A-2. Determine the formal charge of each atom and the net charge for each of the following species: 


5 т к :0: 
(а) М=<с=-= (Б) :0—N—O: (o) 
HC=NH, 


A-3. Write a second Lewis structure that satisfies the octet rule for each of the species in Prob- 
lem A-2, and determine the formal charge of each atom. Which of the Lewis structures for 
each species in this and Problem A-2 is more stable? 
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A-5. 


A-6. 


А-7. 


А-9. 


А-10. 


А-11. 


CHEMICAL BONDING 


Write a correct Lewis structure for each of the following. Be sure to show explicitly any 

unshared pairs of electrons. 

(a) Methylamine, CH,NH, 

(b)  Acetaldehyde, C,H,O (the atomic order is CCO; all the hydrogens are connected to 
carbon.) 

What is the molecular formula of each of the structures shown? Clearly draw any unshared 

electron pairs that are present. 


O 
(a) CA (c) 
OH 
SS 
(b) (d) Р 
N 


Which compound in Problem A-5 has 

(a) Only sp?-hybridized carbons 

(b) Only sp*-hybridized carbons 

(c) A single sp?-hybridized carbon atom 


Br 


Account for the fact that all three sulfur-oxygen bonds in SO, are the same by drawing the 
appropriate Lewis structure(s). 


The cyanate ion contains 16 valence electrons, and its three atoms are arranged in the order 

OCN. Write the most stable Lewis structure for this species, and assign a formal charge to 

each atom. What is the net charge of the ion? 

Using the VSEPR method, 

(a) Describe the geometry at each carbon atom and the oxygen atom in the following 
molecule: CH,OCH —CHCH,. 

(b) Deduce the shape of МС, and draw a three-dimensional representation of the 
molecule. Is NCI, polar? 

Assign the shape of each of the following as either linear or bent. 

(a CO, (b МО," (c) NO, 

Consider structures A, B, C, and D: 


» 
w 
Q 
о 


(a) Which structure (or structures) contains a positively charged carbon? 
(b) Which structure (or structures) contains a positively charged nitrogen? 
(c) Which structure (or structures) contains a positively charged oxygen? 
(d) Which structure (or structures) contains a negatively charged carbon? 
(e) Which structure (or structures) contains a negatively charged nitrogen? 
(f) Which structure (or structures) contains a negatively charged oxygen? 
(g) Which structure is the most stable? 

(h) Which structure is the least stable? 
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A-12. Given the following information, write a Lewis structure for urea, CH,N,O. The oxygen 


atom and both nitrogen atoms are bonded to carbon, there is a carbon—oxygen double bond, 
and none of the atoms bears a formal charge. Be sure to include all unshared electron pairs. 


A-13. How many o and т bonds are present in each of the following? 

(a) CH,CH=CHCH, (0) o= о 

О 
C=N 

(b) HC=CCH,CH, (d) cy 
A-14. Give the hybridization of each carbon atom in the preceding problem. 
PART B 
B-1. Which one of the following is most likely to have ionic bonds? 

(a) HCl (b) Na,O (с) МО (d) МО 
B-2. Which of the following is not an electronic configuration for an atom in its ground state? 

(a) 1s°2s°2p,°2p,'2p,! (c) 15°25°2р„2р„ 2р, 

(b) 15725?2p ?2p ?2p ? (d) 1725 '2р 72p 2p? 
B-3. Тһе formal charge on phosphorus in (CH,),P is 

(a) 0 (b —1 (c) +1 (d) +2 
B-4. Which of the following is an isomer of compound 1? 

Lo d 
i WD CH,CH,CH CH,CCH, PCS 
о OH 
1 2 3 4 

(a) 2 (c) 2and3 

(b 4 (d) АП аге isomers. 
B-5. In which of the following is oxygen the positive end of the bond dipole? 

(a) O—F (b O—N (c) O—S (d) O—H 
B-6. What two structural formulas are resonance forms of one another? 


doo is 
(a) H—C=N—O: and H—Q—C=EN: 


== Е E" 
(b H—O=C=N: and H—Q—CzN: 


+ n vi 
(c) H—C=N— О: and H—C—N: 


(d) H—Q—C=N: and H—Ñ=C=Ö: 
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B-9. 


B-10. 


B-13. 
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The bond identified (with the arrow) in the following structure is best described as: 


HC=C—CH=CH, 


(a) 25р-25р? с (c) 25р2-25р с (e) 2р-2ро 
(b 2р-2рт (d) 25р’—25р’ о 


The total number of unshared pairs of electrons in the molecule 


О N—H 
= 


(а) 0 (b) 1 (c) 2 (d) 3 


Which of the following contains a triple bond? 
(a) SO, (b) HCN (с) СН, (d) NH, 


Which one of the compounds shown is not an isomer of the other three? 


(а) (5) (с) (4) 


. Which one of the following is the most stable Lewis structure? The answer must be correct 


in terms of bonds, unshared pairs of electrons, and formal charges. 


(а) :O=N=CH, (с) :O=N—CH, (e) :0—N—CH, 


(b | :0—N-—CH, (d) :0—N-—CH, 


. Repeat the previous question for the following Lewis structures. 


(à) 3N—N—CH, (ө :N—N—CH, (© :N—N—CH, 
(b :N—N-—CH, (d) :N=N—CH, 


Which of the following molecules would you expect to be nonpolar? 
l. CHF, 2. СО, 3. CF, 4. CHOCH, 
(а) 1апа2 (b  land3 (c) land4 (d) 2and3 (e) 2,3,and4 


The remaining two questions refer to the hypothetical compounds: 
A—B—A A=B—A А=В=А з. 


А 
1 2 3 4 


. Which substance(s) is (are) linear? 


(a) lonly (b  land3 (c) 1апа2 (d) 3only 


. Assuming A is more electronegative than B, which substance(s) is (are) polar? 


(a) land3 (b 2only (c) 4only (d) 2and4 


CHAPTER 2 
ALKANES 


SOLUTIONS TO TEXT PROBLEMS 


2.1 


2.2 


2.3 


2.4 


А carbonyl group is C=O. Of the two carbonyl functions in prostaglandin E, one belongs to the 
ketone family, the other to the carboxylic acids. 


О 
Carboxylic acid 
Ketone OH functional group 
functional „гё 
group 


An unbranched alkane (n-alkane) of 28 carbons has 26 methylene (СН,) groups flanked by a methyl 
(CH) group at each end. The condensed formula is CH,(CH,).,CH3. 


The alkane represented by the carbon skeleton formula has 11 carbons. The general formula for an 
alkane is С,Н,, > and thus there аге 24 hydrogens. The molecular formula is СН; the condensed 
structural formula is CH;(CH,),CH3. 


In addition to CH4(CH,),CH, and (CH;),CHCH,CH,CH,, there are three more isomers. One has а 
five-carbon chain with a one-carbon (methyl) branch: 


CH, 


| o 
CH,CH,CHCH,CH, ог 


The remaining two isomers have two methyl branches on a four-carbon chain. 


ЈЕ js 
CH,CHÇHCH, or CHCHCCH, or “4 
CH, CH, 
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2.6 


2.7 
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(b) Octacosane is not listed in Table 2.4, but its structure can be deduced from its systematic 
name. The suffix -cosane pertains to alkanes that contain 20—29 carbons in their longest con- 
tinuous chain. The prefix octa- means "eight." Octacosane is therefore the unbranched alkane 


having 28 carbon atoms. It is CH;(CH,).,CH3. 
(c) The alkane has an unbranched chain of 11 carbon atoms and is named undecane. 


The ending -hexadecane reveals that the longest continuous carbon chain has 16 carbon atoms. 


There are four methyl groups (represented by tetramethyl-), and they are located at carbons 2, 6, 10, 


and 14. 


2,6,10,14-Tetramethylhexadecane 
(phytane) 


(b) The systematic name of the unbranched C,H}, isomer is pentane (Table 2.4). 


CH,CH,CH,CH,CH, 


IUPAC name: pentane 
Common name: n-pentane 


A second isomer, (CH,),CHCH,CH,, has four carbons in the longest continuous chain and so 
is named as a derivative of butane. Since it has a methyl group at C-2, it is 2-methylbutane. 
кашы 

CH, 
IUPAC name: 2-methylbutane 


Common name: isopentane 
methyl group at C-2 


The remaining isomer, (CH,),C, has three carbons in its longest continuous chain and so 
is named as a derivative of propane. There are two methyl groups at C-2, and so it is a 
2,2-dimethyl derivative of propane. 
ite 
HORS 
CH, 


IUPAC пате: 2,2-dimethylpropane 
Common name: neopentane 


(c) First write out the structure in more detail, and identify the longest continuous carbon chain. 


ТИ | 
CH, | CH, i CH, 
CH, CH, 


There are five carbon atoms in the longest chain, and so the compound is named as a deriva- 
tive of pentane. This five-carbon chain has three methyl substituents attached to it, making it 
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a trimethyl derivative of pentane. Number the chain in the direction that gives the lowest 
numbers to the substituents at the first point of difference. 


CH, CH, 

1 2 | 3 4 | 5 54 | 3 2 | 1 

CH,—C—CH,—C—CH, not S M 
CH, CH, CH, CH, 

2,2,4- Trimethylpentane (correct) 2,4,4-Trimethylpentane (incorrect) 


(d) Тһе longest continuous chain in (CH4),CC(CH,), contains four carbon atoms. 


CH, CH, 
а еы 
CH, CH, 


The compound is named as a tetramethyl derivative of butane; it is 2,2,3,3-tetramethylbutane. 


2.8 There are three C,H}; alkyl groups with unbranched carbon chains. One is primary, and two аге sec- 
ondary. The IUPAC name of each group is given beneath the structure. Remember to number the 
alkyl groups from the point of attachment. 


4 3 2 1 3 2 1 
CH,CH,CH,CH,CH, — CELOHICHLC HORS ен не 


Pentyl group (primary) 1-Methylbutyl group (secondary) 1-Ethylpropyl group (secondary) 


Four alkyl groups are derived from (СН,),СНСН,СН,. Two are primary, one is secondary, and one 


is tertiary. 

CH, CH, 

4 [32 1 ale а 

CH,CHCH,CH, — —CH,CHCH,CH, 
3-Methylbutyl group (primary) 2-Methylbutyl group (primary) 

CH, CH, 
1203 вт 

ев сн нең, 

1,1-Dimethylpropyl group (tertiary) 1,2-Dimethylpropyl group (secondary) 


2.9 (b) Beginby writing the structure in more detail, showing each of the groups written in parenthe- 
ses. The compound is named as a derivative of hexane, because it has six carbons in its longest 
continuous chain. 


6 5 4 3 2 1 
нын 
CH,CH, CH, 


The chain is numbered so as to give the lowest number to the substituent that appears closest 
to the end of the chain. In this case it is numbered so that the substituents are located at C-2 
and C-4 rather than at C-3 and C-5. In alphabetical order the groups are ethyl and methyl; they 
are listed in alphabetical order in the name. The compound is 4-ethyl-2-methylhexane. 
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2.10 


2.12 


2.13 


(c) 


(b) 


(c) 
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The longest continuous chain is shown in the structure; it contains ten carbon atoms. The 
structure also shows the numbering scheme that gives the lowest number to the substituent at 
the first point of difference. 


CH, CH, 
10 9 8 7 le 5 4 | 
CECH CHOW CHCA PENCE, 
3 2 
CH,CH, UE 
1 
CH, 


In alphabetical order, the substituents are ethyl (at C-8), isopropyl at (C-4), and two methyl 
groups (at C-2 and C-6). The alkane is 8-ethyl-4-isopropyl-2,6-dimethyldecane. The system- 
atic name for the isopropyl group (1-methylethyl) may also be used, and the name becomes 
8-ethyl-2,6-dimethyl-4-(1-methylethyl)decane. 


There are ten carbon atoms in the ring in this cycloalkane, thus it is named as a derivative of 
cyclodecane. 


CH, 


H,C 

ome (CH,),CH 3 2 Í 
AS 10 
5 6 2 8 ? 


Cyclodecane 


The numbering pattern of the ring is chosen so as to give the lowest number to the substituent 
at the first point of difference between them. Thus, the carbon bearing two methyl groups is 
C-1, and the ring is numbered counterclockwise, placing the isopropyl group on C-4 
(numbering clockwise would place the isopropyl on C-8). Listing the substituent groups in al- 
phabetical order, the correct name is 4-isopropyl-1,1-dimethylcyclodecane. Alternatively, the 
systematic name for isopropyl (1-methylethyl) could be used, and the name would become 
1,1-dimethyl-4-(1-methylethyl)cyclodecane. 

When two cycloalkyl groups are attached by a single bond, the compound is named as a 
cycloalkyl-substituted cycloalkane. This compound is cyclohexylcyclohexane. 


oe 


The alkane that has the most carbons (nonane) has the highest boiling point (151°C). Among the 
others, all of which have eight carbons, the unbranched isomer (octane) has the highest boiling point 
(126°C) and the most branched one (2, 2,3, 3-tetramethylbutane) the lowest (106°C). The remaining 
alkane, 2-methylheptane, boils at 116°C. 


All hydrocarbons burn in air to give carbon dioxide and water. To balance the equation for the com- 
bustion of cyclohexane (С,Н,,), first balance the carbons and the hydrogens on the right side. Then 
balance the oxygens on the left side. 


(b) 


6CO, + 69,0 


on 


Cyclohexane Oxygen Carbon dioxide Water 


Icosane (Table 2.4) is Су Н „. It has four more methylene (СН,) groups than hexadecane, the last 
unbranched alkane in Table 2.5. Its calculated heat of combustion is therefore (4 X 653 kJ/mol) 
higher. 


Heat of combustion of icosane = heat of combustion of hexadecane + 4 X 653 kJ/mol 
= 10,701 kJ/mol + 2612 kJ/mol 
13,313 kJ/mol 
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Two factors that influence the heats of combustion of alkanes are, in order of decreasing importance, 
(1) the number of carbon atoms and (2) the extent of chain branching. Pentane, isopentane, and 
neopentane are all С.Н]; hexane is C;H,,. Hexane has the largest heat of combustion. Branching 
leads to a lower heat of combustion; neopentane is the most branched and has the lowest heat of 
combustion. 


Hexane CH,(CH,),CH, Heat of combustion 4163 kJ/mol 
(995.0 kcal/mol) 

Pentane CH,CH,CH,CH,CH, Heat of combustion 3527 kJ/mol 
(845.3 kcal/mol) 

Isopentane (CH,),CHCH,CH, Heat of combustion 3529 kJ/mol 
(843.4 kcal/mol) 

Neopentane (СНС Heat of combustion 3514 kJ/mol 
(839.9 kcal/mol) 


(b) Inthe reaction 


CH,—CH, + Br, ВгСН,СН,Вг 
carbon becomes bonded to an atom (Br) that is more electronegative than itself. Carbon is 
oxidized. 

(c) Inthe reaction 


6CH,—CH, + ВН, 2(CH;CH,)3B 


one carbon becomes bonded to hydrogen and is, therefore, reduced. The other carbon is also 
reduced, because it becomes bonded to boron, which is less electronegative than carbon. 


It is best to approach problems of this type systematically. Since the problem requires all the isomers 
of C,H, to be written, begin with the unbranched isomer heptane. 


Ae CH,CH,CH,CH,CH,CH,CH, 


Heptane 


Two isomers have six carbons in their longest continuous chain. One bears a methyl substituent at 
C-2, the other a methyl substituent at C-3. 


yu (CHj),CHCH,CH,CH,CH, о ПАНИКА 
CH, 


2-Methylhexane 3-Methylhexane 


Now consider all the isomers that have two methyl groups as substituents on a five-carbon continu- 
ous chain. 


М — сњуссњењсн, OK (сњењусксн), 


2,2-Dimethylpentane 3,3-Dimethylpentane 


(CH). CHCHCH.CH, AL (сњуснењснен), 
CH, 


2,3-Dimethylpentane 2,4-Dimethylpentane 
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There is one isomer characterized by an ethyl substituent on a five-carbon chain: 


UC (CH,CH;,CH 


3-Ethylpentane 


The remaining isomer has three methyl substituents attached to a four-carbon chain. 


(CH3);CCH(CHs), 


2,2,3-Trimethylbutane 


2.17 In the course of doing this problem, you will write and name the 17 alkanes that, in addition to oc- 
tane, CH,(CH,),CH;, comprise the 18 constitutional isomers of СН. з. 


(a) The easiest way to attack this part of the exercise is to draw a bond-line depiction of heptane 
and add a methyl branch to the various positions. 


2-Methylheptane 3-Methylheptane 4-Methylheptane 


Other structures bearing a continuous chain of seven carbons would be duplicates of these 
isomers rather than unique isomers. “5-Methylheptane,” for example, is an incorrect name for 
3-methylheptane, and “6-methylheptane” is an incorrect name for 2-methylheptane. 

(b) Six of the isomers named as derivatives of hexane contain two methyl branches on a continu- 
ous chain of six carbons. 


2,2-Dimethylhexane 2,3-Dimethylhexane 2,4-Dimethylhexane 2,5-Dimethylhexane 
3,3-Dimethylhexane 3,4-Dimethylhexane 


One isomer bears an ethyl substituent: 


"ue 


3-Ethylhexane 


(c) Four isomers are trimethyl-substituted derivatives of pentane: 


Де XA АА 


2,2,3- Trimethylpentane 2,3,3- Trimethylpentane 2,2,4-Trimethylpentane 2,3,4-Trimethylpentane 
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Two bear an ethyl group and a methyl group on a continuous chain of five carbons: 


3-Ethyl-2-methylpentane 3-Ethyl-3-methylpentane 


(d) Only one isomer is named as a derivative of butane: 


К 


2,2,3,3-Tetramethylbutane 


2.18 (а) The longest continuous chain contains nine carbon atoms. Begin the problem by writing and 
numbering the carbon skeleton of nonane. 


Now add two methyl groups (one to C-2 and the other to C-3) and an isopropyl group (to 
C-6) to give a structural formula for 6-isopropyl-2,3-dimethylnonane. 


CH, CH(CH,), 


| | 
or — CH,CHCHCH,CH,CHCH,CH,CH, 


| 
CH, 


(b) То the carbon skeleton of heptane (seven carbons) add a tert-butyl group to C-4 and a methyl 
group to C-3 to give 4-tert-butyl-3-methylheptane. 


C(CH;); 


| 
or — CH,CH,CHCHCH,CH,CH, 


CH, 
(c) Ап isobutyl group is —CH,CH(CH,),. The structure of 4-isobutyl-1,1-dimethylcyclohexane 
is as shown. 
2_3 Н.С 
O Она 
i Н.С 


(d) А sec-butyl group is СН.СНСН.СН.. sec-Butylcycloheptane has a sec-butyl group on a 
seven-membered ring. | 


CH,CHCH,CH, 


(e) Acyclobutyl group is a substituent on a five-membered ring in cyclobutylcyclopentane. 


ay 
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2.19 


(f) 


(g) 


(h) 


(a) 


(b) 


(c) 


(d) 


(e) 
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Recall that an alkyl group is numbered from the point of attachment. The structure of 
(2,2-dimethylpropyl)cyclohexane is 


CH, 


" 
Oot on 


CH; 


The name “pentacosane” contains no numerical locants or suffixes indicating the presence of 
alkyl groups. It must therefore be an unbranched alkane. Table 2.4 in the text indicates that the 
suffix -cosane refers to alkanes with 20-29 carbons. The prefix penta- stands for “five,” and so 
pentacosane must be the unbranched alkane with 25 carbons. Its condensed structural formula 
is CH,(CH,),,CH,. 

We need to add a 1-methylpentyl group to C-10 of pentacosane. A 1-methylpentyl group is: 


Le, 22 3 4 5 
= HCH CL OH, 
CH, 


It has five carbons in the longest continuous chain counting from the point of attachment and 
bears a methyl group at C-1. 10-(1-Methylpentyl)pentacosane is therefore: 


CH,(CH,),CH(CH,),,CH; 


| 
CH,CHCH,CH,CH,CH, 


This compound is an unbranched alkane with 27 carbons. As noted in part (g) of the preced- 
ing problem, alkanes with 20—29 carbons have names ending in -cosane. Thus, we add the 
prefix hepta- ("seven") to -cosane to name the alkane СН.(СН,),;СН, as heptacosane. 

The alkane (CH;),CHCH,(CH,),,CH; has 18 carbons in its longest continuous chain. It is 
named as a derivative of octadecane. There is a single substituent, a methyl group at C-2. The 
compound is 2-methyloctadecane. 

Write the structure out in more detail to reveal that it is 3,3,4-triethylhexane. 


CH,CH, CH,CH, 
i2] 4 5 6 
(CH,CH,);CCH(CH,CH;), is rewritten as EE HCH,CH, 
СН.СН, 


Each line of a bond-line formula represents a bond between two carbon atoms. Hydrogens are 
added so that the number of bonds to each carbon atom totals four. 


is the same as Ва ас 
CH,CH, 


The IUPAC name is 4-ethyl-2,2-dimethylhexane. 


d ams is the same as o а а 
CH, CH, 


The IUPAC name is 3,5-dimethylheptane. 


2.20 


2.21 
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(f) 


(g) 


(a) 
(b) 


(c) 


(d) 


(b) 


(c) 


H.C / N ee 
is the same as | | ~CH,CH,CH,CH, 
HC „СН, 
H,C— CH, 


The IUPAC name is 1-butyl-1-methylcyclooctane. 

Number the chain in the direction shown to give 3-ethyl-4,5,6-trimethyloctane. When num- 
bered in the opposite direction, the locants are also 3, 4, 5, and 6. In the case of ties, however, 
choose the direction that gives the lower number to the substituent that appears first in the 
name. “Ethyl” precedes “methyl” alphabetically. 


The alkane contains 13 carbons. Since all alkanes have the molecular formula C,,H,,,,,, the 
molecular formula must be СНз. 
The longest continuous chain is indicated and numbered as shown. 


ссн, 
ИУ КС CH,CHCH,CH,CHCHCH, 
7 8 9 CH; CH,CH,CH, 


In alphabetical order, the substituents are ethyl (at C-5), methyl (at C-2), methyl (at C-6). The 
IUPAC name is 5-ethyl-2,6-dimethylnonane. 

Fill in the hydrogens in the alkane to identify the various kinds of groups present. There are 
five methyl (CH,) groups, five methylene (СН,) groups, and three methine (CH) groups in 
the molecule. 

A primary carbon is attached to one other carbon. There are five primary carbons (the carbons 
of the five CH, groups). A secondary carbon is attached to two other carbons, and there are 
five of these (the carbons of the five CH, groups). A tertiary carbon is attached to three other 
carbons, and there are three of these (the carbons of the three methine groups). A quaternary 
carbon is attached to four other carbons. None of the carbons is a quaternary carbon. 


The group CH4(CH,),,CH,— is an unbranched alkyl group with 12 carbons. It is a dodecyl 
group. The carbon at the point of attachment is directly attached to only one other carbon. It 
is a primary alkyl group. 

The longest continuous chain from the point of attachment is six carbons; itis a hexyl group bear- 
ing an ethyl substituent at C-3. The group is a 3-ethylhexyl group. It is a primary alkyl group. 


1 2 3 4 5 6 
—CH,CH,CHCH,CH,CH, 
CH,CH, 


By writing the structural formula of this alkyl group in more detail, we see that the longest con- 
tinuous chain from the point of attachment contains three carbons. It is a 1,1-diethylpropyl 
group. Because the carbon at the point of attachment is directly bonded to three other carbons, 
it is a tertiary alkyl group. 


—C(CH,CH,), is rewritten as —CCH,CH, 
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(d) This group contains four carbons in its longest continuous chain. It is named as a butyl group 
with a cyclopropyl substituent at C-1. It is a 1-cyclopropylbutyl group and is a secondary 
alkyl group. 


Т +2; 3 4 
—CHCH,CH,CH, 


(е, f) A two-carbon group that bears a cyclohexyl substituent is а cyclohexylethyl group. Number 
from the point of attachment when assigning a locant to the cyclohexyl group. 


2 1 1 
CH,CH,— = 
2 


CH, 
2-Cyclohexylethyl 1-Cyclohexylethyl 
(primary) (secondary) 


2.22 The IUPAC name for pristane reveals that the longest chain contains 15 carbon atoms (as indicated by 
-pentadecane). The chain is substituted with four methyl groups at the positions indicated in the name. 


ee ae die 


Pristane (2,6,10,14-tetramethylpentadecane) 


2.23 (a) An alkane having 100 carbon atoms has 2(100) + 2 = 202 hydrogens. The molecular 

formula of hectane is СН»; and the condensed structural formula is CH,(CH,),,CH;. The 
100 carbon atoms are connected by 99 o bonds. The total number of o bonds is 301 (99 C—C 
bonds + 202 C—H bonds). 

(b) Unique compounds are formed by methyl substitution at carbons 2 through 50 on the 
100-carbon chain (C-51 is identical to C-50, and so on). There are 49 x-methylhectanes. 

(c) Compounds of the type 2,x-dimethylhectane can be formed by substitution at carbons 2 
through 99. There are 98 of these compounds. 


2.24 Isomers are different compounds that have the same molecular formula. In all these problems the 
safest approach is to write a structural formula and then count the number of carbons and hydrogens. 


(a) Among this group of compounds, only butane and isobutane have the same molecular 
formula; only these two are isomers. 


ji је 
CH,CH,CH,CH, CH,CHCH, CH,CHCH,CH, 
Butane Cyclobutane Isobutane 2-Methylbutane 
СН Сн; СН СН» 


(b) Тһе two compounds that are isomers, that is, those that have the same molecular formula, are 
2,2-dimethylpentane and 2,2,3-trimethylbutane. 


CH, CH, CH, 

S coperti u.c 
бн, бн, 

2,2-Dimethylpentane 2,2,3-Trimethylbutane 


СН; СН; 
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Cyclopentane and neopentane are not isomers of these two compounds, nor are they isomers 
of each other. 


CH, 
C RICH: 
CH, 
Cyclopentane Neopentane 
СНр СН» 


(c) The compounds that are isomers are cyclohexane, methylcyclopentane, and 1,1,2- 
trimethylcyclopropane. 


Q с] LN 


Cyclohexane Methylcyclopentane 1,1,2- Trimethylcyclopropane 
CH, СН СН» 


Hexane, CH,CH,CH,CH,CH,CH;, has the molecular formula C,H,,; it is not an isomer of 
the others. 
(d) Тһе three that are isomers all have the molecular formula C;H,,. 


[^—cH,cH, pe T 


Ethylcyclopropane 1,1-Dimethylcyclopropane Cyclopentane 
СУН СУН СУН 


Propylcyclopropane is not an isomer of the others. Its molecular formula is C; H ,,. 


[^—CH,CH,CH, 


(e) Only 4-methyltetradecane and pentadecane are isomers. Both have the molecular formula 


C 15H32- 
CHy(CH,),CH(CH,),CH, CH,(CH,),;CH, 
CH, 
4-Methyltetradecane Pentadecane 

СН» Сан» 

CH; Ts CH,CH,CH,CH(CH,)<CH, 

CH CHCHCHCH(CH.CH, 
CH, CH, 

2,3,4,5-Tetramethyldecane 4-Cyclobutyldecane 

СНз Ci4Hog 


2.25 The oxygen and two of the carbons of С,Н,СІО are part of the structural unit that characterizes 
epoxides. The problem specifies that a methyl group (CH,) is not present; therefore, add the 
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2.26 


2.27 


2.28 
2.29 
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remaining carbon and the chlorine as a —СН,СІ unit, and fill in the remaining bonds with hydrogen 
substituents. 


H H 


| 
H—C—C—CH,Cl 
\/ 


О 
Epichlorohydrin 


(a) Ibuprofen is (b) Mandelonitrile is 


CH, OH 


| — 
єсну.снсн,—{ _ ў—снсон T oe 
Ц \_/ 


Isoamyl acetate is 


I I a, aa 
RCOR’ (ester) which is CH,COCH,CH,CHCH, 


Methyl 3-Methylbutyl 


Thiols are characterized by the —SH group. n-Butyl mercaptan is CH,CH,CH,CH,SH. 


a-Amino acids have the general formula 


The individual amino acids in the problem have the structures shown: 
| | 
СН,СНСО (CH4CHCHCO 
*NH, *NH, 


(a) Alanine (b) Valine 
(с, d) An isobutyl group is (CH,),CHCH,—, and a sec-butyl group is 


синен: 


The structures of leucine and isoleucine are: 


| И 
НН: нео ех 
*NH, *NH, 


Leucine Isoleucine 
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(e-g) The functional groups that characterize alcohols, thiols, and carboxylic acids are —OH, 
—SH, and —CO,H, respectively. The structures of serine, cysteine, and aspartic acid are: 


ji ji тт 
HOCH нео: HSCH,CHCO- . HOCCH,CHCO- 
*NH, NH; *NH, 


Serine Cysteine Aspartic acid 


2.30 X Uscharidin has the structure shown. 


(a) There are two alcohol groups, one aldehyde group, one ketone group, and one ester 
functionality. 

(b) | Uscharidin contains ten methylene groups (CH,). They are indicated in the structure by small 
squares. 

(c) The primary carbons in uscharidin are the carbons of the two methyl groups. 


О 


Кешш group 


Primary 
Aldehyde carbon En 

Alcohol group lo 
group TON 


Ketone group re 


нс” ^о ^0 


‘Alcohol group 


= 
= 


Primary carbon 


2.31 (a) Methylene groups are —CH,—. СІСН,СН,СН,СН,СІ is therefore the C,H,Cl, isomer in 
which all the carbons belong to methylene groups. 
(b) The C,H,Cl, isomers that lack methylene groups are 


(CH,,CHCHCL ^ and ^ CH,CHCHCH, 


| 
Cl Cl 


2.32 Since it is an alkane, the sex attractant of the tiger moth has a molecular formula of C,H,,,,,. The 
number of carbons and hydrogens may be calculated from its molecular weight. 


12n + 1(2n + 2) = 254 
14n = 252 
n= 18 


The molecular formula of the alkane is СН». In the problem it is stated that the sex attractant is а 
2-methyl-branched alkane. It is therefore 2-methylheptadecane, (CH;),CHCH,(CH,),;CH3. 


2.33 When any hydrocarbon is burned in air, the products of combustion are carbon dioxide and water. 


(a) CH,(CH,),CH, + 50, 


10CO, + 11H,O 


Decane Oxygen Carbon Water 
(С оН) dioxide 
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(b) (ар) + 150, 


1000; + 109,0 


Cyclodecane Oxygen Carbon Water 
(СН) dioxide 
(c) Cc + 150, 10CO, + 10H,O 
Methylcyclononane Oxygen Carbon Water 
(Cy gH) dioxide 
29 
(4) CK) + 20, 10CO, + 9H,O 
Cyclopentylcyclopentane Oxygen Carbon Water 
(СН) dioxide 


2.34 То determine the quantity of heat evolved per unit mass of material, divide the heat of combustion 
by the molecular weight. 


Methane Heat of combustion = 890 kJ/mol (212.8 kcal/mol) 
Molecular weight = 16.0 g/mol 
Heat evolved per gram = 55.6 kJ/g (13.3 kcal/g) 
Butane Heat of combustion = 2876 kJ/mol (687.4 kcal/mol) 
Molecular weight = 58.0 g/mol 
Heat evolved per gram = 49.6 kJ/g (11.8 kcal/g) 


When equal masses of methane and butane are compared, methane evolves more heat when it is 
burned. 

Equal volumes of gases contain an equal number of moles, so that when equal volumes of 
methane and butane are compared, the one with the greater heat of combustion in kilojoules (or 
kilocalories) per mole gives off more heat. Butane evolves more heat when it is burned than does an 
equal volume of methane. 


2.35 When comparing heats of combustion of alkanes, two factors are of importance: 
1. The heats of combustion of alkanes increase as the number of carbon atoms increases. 
2. Ап unbranched alkane has a greater heat of combustion than a branched isomer. 


(a) Inthe group hexane, heptane, and octane, three unbranched alkanes are being compared. Oc- 
tane (С.Н з) has the most carbons and has the greatest heat of combustion. Hexane (C,H,,) 
has the fewest carbons and the lowest heat of combustion. The measured values in this group 
are as follows: 


Hexane Heat of combustion 4163 kJ/mol (995.0 kcal/mol) 
Heptane Heat of combustion 4817 kJ/mol (1151.3 kcal/mol) 
Octane Heat of combustion 5471 kJ/mol (1307.5 kcal/mol) 


(b) Isobutane has fewer carbons than either pentane or isopentane and so is the member of the 
group with the lowest heat of combustion. Isopentane is a 2-methyl-branched isomer of pen- 
tane and so has a lower heat of combustion. Pentane has the highest heat of combustion among 
these compounds. 


Isobutane (CH,),CH Heat of combustion 

2868 kJ/mol (685.4 kcal/mol) 
Isopentane (CH,),CHCH,CH, Heat of combustion 

3529 kJ/mol (843.4 kcal/mol) 
Pentane CH,CH,CH,CH,CH, Heat of combustion 


3527 kJ/mol (845.3 kcal/mol) 
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(c) 


Isopentane and neopentane each have fewer carbons than 2-methylpentane, which therefore 
has the greatest heat of combustion. Neopentane is more highly branched than isopentane; 
neopentane has the lowest heat of combustion. 


Neopentane (СНС Heat of combustion 

3514 kJ/mol (839.9 kcal/mol) 
Isopentane (CH;),CHCH,CH, Heat of combustion 

3529 kJ/mol (843.4 kcal/mol) 
2-Methylpentane (CH,),CHCH,CH,CH, Heat of combustion 


4157 kJ/mol (993.6 kcal/mol) 


(d) Chain branching has a small effect on heat of combustion; the number of carbons has a much 
larger effect. The alkane with the most carbons in this group is 3,3-dimethylpentane; it has the 
greatest heat of combustion. Pentane has the fewest carbons in this group and has the smallest 
heat of combustion. 

Pentane CH,CH,CH,CH,CH, Heat of combustion 

3527 kJ/mol (845.3 kcal/mol) 
3-Methylpentane (CH;,CH,),CHCH, Heat of combustion 

4159 kJ/mol (994.1 kcal/mol) 
3,3-Dimethylpentane (CH;CH,),C(CH;), Heat of combustion 

4804 kJ/mol (1148.3 kcal/mol) 

(e) In this series the heat of combustion increases with increasing number of carbons. Ethylcy- 

clopentane has the lowest heat of combustion; ethylcycloheptane has the greatest. 
снсн,—< _] cucu Y сито) 
Ethylcyclopentane Ethylcyclohexane Ethylcycloheptane 
4592 kJ/mol 5222 kJ/mol (combustion data not available) 
(1097.5 kcal/mol) (1248.2 kcal/mol) 
2.36 (a) The equation for the hydrogenation of ethylene is given by the sum of the following three 
reactions: 
(1) H,(g) + i O»(g) H,0(/) AH? = —286 kJ (—68.4 kcal) 
(2 H,C=CH,(g) + 30,(g) 2CO,(g) + 200) AH? = —1410 kJ (—337.0 kcal) 
(3) 3H,O(/) + 2CO,(g) CH,CH;(g) + 208) AH? = +1560 kJ (+372.8 kcal) 
Sum: H,C=CH,(g) + Hj(g) СН.СН.(®) AH? = —136 kJ (—32.6 kcal) 
Equations (1) and (2) are the combustion of hydrogen and ethylene, respectively, and AH? val- 
ues for these reactions are given in the statement of the problem. Equation (3) is the reverse of the 
combustion of ethane, and its value of AH? is the negative of the heat of combustion of ethane. 

(b) Again we need to collect equations of reactions for which the АН° values are known. 

(1) Hyg) + = 0,(g) H3O(1) AH? — —286 kJ (—68.4 kcal) 
(2) HC=CH(g) + 208) 2CO,(g) + H,O(/) AH? = —1300 kJ (—310.7 kcal) 


(3) 


2CO,(g) + 2H50() CH,=CH,(g) + 30g) АА” = +1410 kJ (+337.0 kcal) 


Sum: 


HC=CH(g) + H(g) CH,—CH,(g) AH? — —176 kJ (—42.1 kcal) 
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Equations (1) and (2) are the combustion of hydrogen and acetylene, respectively. Equation (3) 
is the reverse of the combustion of ethylene, and its value of AH? is the negative of the heat 
of combustion of ethylene. 

The value of AH? for the hydrogenation of acetylene to ethane is equal to the sum of the 
two reactions just calculated: 


HC=CH(g) + H,(g) 


H,C—CH,g) АН" = —176 kJ (—42.1 kcal) 


H,C=CH,(g) + H,(g) 
Sum: HC=CH(g) + 2H,(g) 


CH,CH,(g) AH? = —136 kJ (—32.6 kcal) 


CH,CH,(g) АН? = —312 kJ (—74.7 kcal) 


(c) We use the equations for the combustion of ethane, ethylene, and acetylene as shown. 
(1) 2CH,—CH,(g) + 60,(g) 4CO,(g) + 4H,0(/) AH? = —2820 kJ (—674.0 kcal) 
(2) 2CO,(g) + H,O0(/) НС==СН(®) + =0,(g) AH? = +1300 kJ (+310.7 kcal) 
(3) ЗН,О(0 + 2CO,(g) СН.СН.(®) + 70%8) AH? = +1560 kJ (+372.8 kcal) 
Sum: 2СЊ=<Н (2) СЊСН (2) + НС== СН(о) AH? = +40 К] (49.5 kcal) 
The value of AH? for reaction (1) is twice that for the combustion of ethylene because 2 mol 
of ethylene are involved. 
2.37 (a) The hydrogen content increases in going from CH,C==CH to СН,СН==СН,. The organic 
compound CH,C—CH is reduced. 
(b) Oxidation occurs because a C—O bond has replaced a C—H bond in going from starting 
material to product. 
H OH oxidation P 
(c) There are two carbon-oxygen bonds in the starting material and four carbon-oxygen bonds in 
the products. Oxidation occurs. 
HO—CH,CH,—OH 2H,C=O 
Two C—O bonds Four C—O bonds 
(d) Although the oxidation state of carbon is unchanged in the process 
+ 
О — Ов 
overall, reduction of the organic compound has occurred. Its hydrogen content has increased 
and its oxygen content has decreased. 
2.38 In the reaction 
2CH,Cl + Si (CH,),SiCl, 
bonds between carbon and an atom more electronegative than itself (chlorine) are replaced by bonds 
between carbon and an atom less electronegative than itself (silicon). Carbon is reduced; silicon is 
oxidized. 
| 
2.39 (a) Compound A has the structural unit CCC ; compound A is а ketone. 
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(b) Converting a ketone to an ester increases the oxygen content of carbon and requires an 
oxidizing agent. 

(c) Reduction occurs when the hydrogen content increases, as in the conversion of a ketone to an 
alkane or to an alcohol. Reductions are carried out by using reagents that are reducing agents. 


oxidation | 


——>  CH,COC(CH,), 
Ester 


reduction 


(d) CH4CC(CHj, —~———— | CH,CH,C(CH;), 


Compound A Alkane 
reduction 
> нен» 
ОН 
Alcohol 


2.40 Methyl formate is an ester. 


(a) The oxidation numbers of the two carbon atoms in methyl formate and the carbon atoms in the 
reaction products can be determined by comparison with the entries in text Table 2.6. 


ji | 
HCOCH; HCOH + СЊОН 
Oxidation +2 —2 +2 -2 
number 


There has been no change in oxidation state in going from reactants to products, and the reac- 
tion is neither oxidation nor reduction. The number of carbon-oxygen bonds does not change 
in this reaction. 

(b) As in part (a), the oxidation states of the carbon atoms in both the reactant and the products do 
not change in this reaction. The reaction is neither oxidation nor reduction. 


| ji 
HCOCH; HCONa + СН.ОН 
Oxidation +2 -2 +2 -2 
number 


(c) The oxidation number of one carbon of methyl formate has decreased in this reaction. 


ji 
HCOCH, 2 CHOH 
Oxidation +2 -2 -2 


number 


This reaction is a reduction and requires a reagent that is a reducing agent. 
(d) Тһе oxidation number of both carbon atoms of methyl formate has increased. This reaction is 
an oxidation and requires use of a reagent that is an oxidizing agent. 


[ 
HCOCH, 2CO, + ЊО 


Oxidation +2 -2 +4 
number 
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(e) Once again the formation of carbon dioxide is an example of an oxidation, and the reaction 
requires use of an oxidizing agent. 


|| 
HCOCH, CO, + CH,OH 


Oxidation +2 —2 +4 -2 
number 


Two atoms appear in their elementary state: Na on the left and H, on the right. The oxidation state 
of an atom in its elementary state is 0. Assign an oxidation state of +1 to the hydrogen in the 
OH group of CH,CH,OH. H goes from +1 on the left to 0 on the right; it is reduced. Na goes from 
0 on the left to +1 on the right; it is oxidized. 


+1 0 +1 0 
2CH,CH,OH + 2Na 2CH,CH,ONa + H, 


Combustion of an organic compound to yield CO, and H,O involves oxidation. Heat is given off in 


each oxidation step. The least oxidized compound (CH,CH,OH) gives off the most heat. The most 
oxidized compound HO,CCO.,H gives off the least. The measured values are: 


CH,CH,OH HOCH,CH,OH HO,CCO,H 


kJ/mol 1371 1179 252 
kcal/mol 327.6 281.9 60.2 


Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man- 
ual. You should use Learning By Modeling for these exercises. 


PART A 


A-1. Write the structure of each of the four-carbon alkyl groups. Give the common name and the 
systematic name for each. 


A-2. How many ø bonds are present in each of the following? 
(а) Мопапе 
(b) СусІопопапе 


A-3. Classify each of the following reactions according to whether the organic substrate is 
oxidized, reduced, or neither. 


(a) CH,CH,+Br, — > CH,CH,Br+ HBr 

(P) CH,CH,Br + HO- CH,CH,OH + Вг“ 
H5SO, 

(c) CH,CH,OH H,C—CH, 


heat 


(d H,C=CH,+H, —E CH,CH, 


А-4. (a) Write a structural formula for 3-isopropyl-2,4-dimethylpentane. 
(b) How many methyl groups are there in this compound? How many isopropyl groups? 
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A-5. Give the IUPAC name for each of the following substances: 


(a) (b) 
A-6. The compounds in each part of the previous question contain primary carbon(s), 
secondary carbon(s), and tertiary carbon(s). 


A-7. Give the IUPAC name for each of the following alkyl groups, and classify each one as 
primary, secondary, or tertiary. 


(a) (Pa) CCC 
(b) (CH;CH;C— 


(c) (CH,CH,,CCH,— 


A-8. "Write a balanced chemical equation for the complete combustion of 2,3-dimethylpentane. 


А-9. Write structural formulas, and give the names of all the constitutional isomers of СУН, that 
contain a ring. 


A-10. Each of the following names is incorrect. Give the correct name for each compound. 
(a) 2, -Diethylhexane 
(b)  Q-EthylpropyDcyclohexane 
(c)  2,3-Dimethyl-3-propylpentane 


А-11. Which C,H), isomer 
(a) Has the highest boiling point? 
(b) Has the lowest boiling point? 
(c) Has the greatest number of tertiary carbons? 
(d) Has only primary and quaternary carbons? 


A-12. Draw the constitutional isomers of C;H,, that have five carbons in their longest chain, and 
give an IUPAC name for each of them. 


A-13. The compound shown is an example of the broad class of organic compounds known as 
steroids. What functional groups does the molecule contain? 


O, осн, 
H.C Сон 


H,C 


A-14. Given the following heats of combustion (in kilojoules per mole) for the homologous series 
of unbranched alkanes: hexane (4163), heptane (4817), octane (5471), nonane (6125), esti- 
mate the heat of combustion (in kilojoules per mole) for pentadecane. 
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PART B 


B-2. 


B-3. 


В-4. 


В-5. 


B-6. 


Choose the response that best describes the following compounds: 


Кр 


3 4 


(а) 1,3, and 4 represent the same compound. 

(b) Тапа 3 are isomers of 2 and 4. 

(c) Тапа 4 are isomers of 2 and 3. 

(d) All the structures represent the same compound. 


Which of the following is a correct name according to the IUPAC rules? 

(a) 2-Methylcyclohexane (c) X2-Ethyl-2-methylpentane 

(b) 3,4-Dimethylpentane (d) 3-Ethyl-2-methylpentane 

Following are the structures of four isomers of hexane. Which of the names given correctly 
identifies a fifth isomer? 


CH,CH,CH,CH,CH,CH, — (CH,),CCH,CH, 


(CH;),CHCH,CH,CH, (CH,),CHCH(CH;), 
(a) 2-Methylpentane (c) 2-Ethylbutane 
(b)  2,3-Dimethylbutane (d) 3-Methylpentane 
Which of the following is cyclohexylcyclohexane? 
CH,CH,,CH,CH,CH,CH, 


OOD «СО 


Which of the following structures is a 3-methylbutyl group? 
(a) CH,CH,CH,CH,CH,— (с) (CH;CH,),CH— 
(6) (CH,),CHCH,CH,— (d) (CHj,CCH,— 


Rank the following substances in decreasing order of heats of combustion (most exother- 
mic least exothermic). 


Pais. dr Age 


1 2 


(а) 2>1>3 (© 3>1>2 
(b 2>3>1 (d 3>2>1 


What is the total number of ø bonds present in the molecule shown? 


(a) 18 (b 26 (c) 27 (d) 30 
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B-8. 


B-9. 


B-10. 


B-11. 


B-12. 


B-13. 


B-14. 


Which of the following substances is not an isomer of 3-ethyl-2-methylpentane? 


(a) С МУ МИТ (с) pw 


(b) (d) None of these 
(all are isomers) 


Which alkane has the highest boiling point? 

(a) Нехапе (d) 2,3-Dimethylbutane 
(b) 2,2-Dimethylbutane (e) 3-Methylpentane 
(c) 2-Methylpentane 


What is the correct IUPAC name of the alkyl group shown? 
CH,CH, 
—CHCH,CH(CH,), 


(a) 1-Ethyl-3-methylbutyl 

(b)  l-Ethyl-3,3-dimethylpropyl 
(c) X 4-Ethyl-2-methylbutyl 

(d) 5-Methylhexyl 


Which of the following compounds is not a constitutional isomer of the others? 
(a) Methylcyclohexane (d) 1,1,2-Trimethylcyclobutane 

(b) Cyclopropylcyclobutane (e) Cycloheptane 

(c)  Ethylcyclopentane 


The correct IUPAC name for the compound shown is 


CH, 


| 
CH,CHCHCH,CHCH, 


| | 
CH,CH, CH,CH(CH,), 


(a) 2-Ethyl-5-isobutyl-3-methylhexane (d) 2-Ethyl-3,5,7-trimethyloctane 

(b)  5-sec-Butyl-2-ethyl-3-methylhexane (e)  2,4,6,7-Tetramethylnonane 

(c) 2-Isobutyl-4,5-dimethylheptane 

The heats of combustion of two isomers, A and B, are 4817 kJ/mol and 4812 kJ/mol, 
respectively. From this information it may be determined that 

(a) Isomer А is 5 kJ/mol more stable 

(b) Isomer B is 5 kJ/mol less stable 

(c) Іѕотег B has 5 kJ/mol more potential energy 

(d) Isomer A is 5 kJ/mol less stable 


Which of the following reactions requires an oxidizing agent? 


(a) RCH,OH RCH;CI (d) RCH,OH RCH-—O 
(b) ЕСН==СН, RCH,CH, (e) None of these 
(c) ВСН. RCH; 


CHAPTER 3 


CONFORMATIONS OF ALKANES 
AND CYCLOALKANES 


SOLUTIONS TO TEXT PROBLEMS 


3.1 (b) The sawhorse formula contains four carbon atoms in an unbranched chain. The compound is 
butane, CH,CH,CH,CH,. 


CH, 


(c) Rewrite the structure to show its constitution. The compound is CH4CH;CH(CH,);; it is 
2-methylbutane. 


CH, " 

= C—C mH 

H CH, / Ун 
Сн, H,C 3 


(d) In this structure, we are sighting down the C-3—C-4 bond of a six-carbon chain. It is 


САОНА НОА ог 3-methylhexane. 
СН, 
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Red circles gauche: 60° and 300°. Red circles anti: 180°. Gauche and anti relationships occur only 
in staggered conformations; therefore, ignore the eclipsed conformations (0°, 120°, 240°, 360°). 


All the staggered conformations of propane are equivalent to one another, and all its eclipsed con- 
formations are equivalent to one another. The energy diagram resembles that of ethane in that it is a 
symmetrical one. 


H H H H 
H-7~H H-7~H H-7—H H-7—H 
H H,C H H 
H,C— `H H— —H H- —CH, HC- `H 


2 
5 
5 
E 
Б 
5 
A 
H-7~H H-7~H H-7—H 
HC- /-H H—/-CH, HLH 
CH, 
| | | | | | | 
0 60 120 180 240 300 360 


Torsion angle (degrees) 


The activation energy for bond rotation in propane is expected to be somewhat higher than that 
in ethane because of van der Waals strain between the methyl group and a hydrogen in the eclipsed 
conformation. This strain is, however, less than the van der Waals strain between the methyl 
groups of butane, which makes the activation energy for bond rotation less for propane than for 
butane. 


(b) To be gauche, substituents X and A must be related by a 60° torsion angle. If A is axial as 
specified in the problem, X must therefore be equatorial. 


EM 


X and A are gauche. 


(c) For substituent X at C-1 to be anti to C-3, it must be equatorial. 
| | 
= A 


(d) When X is axial at C-1, it is gauche to C-3. 
X 


> 


А 


(b) According to the numbering scheme given in the problem, a methyl group is axial when it is 
“up” at C-1 but is equatorial when it is up at C-4. Since substituents are more stable when they 
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occupy equatorial rather than axial sites, a methyl group that is up at C-1 is less stable than one 
that is up at C-4. 


(c) An alkyl substituent is more stable in the equatorial position. An equatorial substituent at C-3 


is “down.” 
Н< Up 


Down „НС 


3.6 А tert-butyl group is much larger than a methyl group and has a greater preference for the equato- 
rial position. The most stable conformation of 1-tert-butyl-1-methylcyclohexane has an axial methyl 
group and an equatorial tert-butyl group. 


CH, 


F272 С(СН.), 


1-tert-Butyl-1-methylcyclohexane 


3.7 Ethylcyclopropane and methylcyclobutane are isomers (both аге СН |). The less stable isomer has 
the higher heat of combustion. Ethylcyclopropane has more angle strain and is less stable (has 
higher potential energy) than methylcyclobutane. 


[^—cH,cH, cH: 


Less stable More stable 
Heat of combustion: 3384 kJ/mol 3352 kJ/mol 
(808.8 kcal/mol) (801.2 kcal/mol) 


3.8 The four constitutional isomers of cis and trans-1,2-dimethylcyclopropane that do not contain 
double bonds are 


CH, 


во [> —сн‚сн, 


1,1-Dimethylcyclopropane Ethylcyclopropane 


a Q 


Methylcyclobutane Cyclopentane 


CH; 


3.9 When comparing two stereoisomeric cyclohexane derivatives, the more stable stereoisomer is the 
one with the greater number of its substituents in equatorial orientations. Rewrite the structures as 
chair conformations to see which substituents are axial and which are equatorial. 


cis-1,3,5-Trimethylcyclohexane 


3.11 
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All methyl groups are equatorial in cis-1,3,5-trimethylcyclohexane. It is more stable than trans- 
1,3,5-trimethylcyclohexane (shown in the following), which has one axial methyl group in its most 
stable conformation. 


ео Се: CH, 
н. Zm, 
cH, “н 
HC H 3 


trans-1,3,5-Trimethylcyclohexane 


In each of these problems, a tert-butyl group is the larger substituent and will be equatorial in the 
most stable conformation. Draw a chair conformation of cyclohexane, add an equatorial tert-butyl 
group, and then add the remaining substituent so as to give the required cis or trans relationship to 
the tert-butyl group. 


(b) Begin by drawing a chair cyclohexane with an equatorial tert-butyl group. In cis-1-tert-butyl- 
3-methylcyclohexane the C-3 methyl group is equatorial. 


H 
H 
С(СН,), 
H,C 
(c) In trans-1-tert-butyl-4-methylcyclohexane both the tert-butyl and the C-4 methyl group are 
equatorial. 
H 

C(CH;) 

Н.С 33 
H 


(d) Again the tert-butyl group is equatorial; however, in cis-1-tert-butyl-4-methylcyclohexane the 
methyl group on C-4 is axial. 


C(CH4) 


Isomers are different compounds that have the same molecular formula. Compare the molecular 
formulas of the compounds given to the molecular formula of spiropentane. 


[x] D=o, D] ФЕ: 6; 
Spiropentane (С.Н) C.H, СЕН, С.Н, С.Н, 


Only the two compounds that have the molecular formula С.Н; аге isomers of spiropentane. 


Two bond cleavages convert bicyclobutane to a noncyclic species; therefore, bicyclobutane is 
bicyclic. 


Sus a a 
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The two bond cleavages shown convert camphene to a noncyclic species; therefore, camphene is 
bicyclic. (Other pairs of bond cleavages are possible and lead to the same conclusion.) 


Ax = | NES Si 
CH, CH, CH, 
CH, CH, CH, 


3.13 (b) This bicyclic compound contains nine carbon atoms. The name tells us that there is a five- 
carbon bridge and a two-carbon bridge. The 0 in the name bicyclo[5.2.0]nonane tells us that 
the third bridge has no atoms in it—the carbons are common to both rings and are directly 


attached to each other. 


Bicyclo[5.2.0]nonane 


(с) The three bridges in bicyclo[3.1.1]heptane contain three carbons, one carbon, and one carbon. 
The structure can be written in a form that shows the actual shape of the molecule or one that 
simply emphasizes its constitution. 


Y One-carbon 


brid, 
Three-carbon HEBE 
bridge а 


C 


One-carbon 
bridge 


(d)  Bicyclo[3.3.0]octane has two five-membered rings that share a common side. 


жЕ CIO 
Three-carbon Three-carbon 


bridge bridge 


3.14 Since the two conformations are of approximately equal stability when R = H, it is reasonable to 
expect that the most stable conformation when R = CH, will have the CH, group equatorial. 


| 


њи = 


R = H: both conformations similar in energy 
R = CH,: most stable conformation has CH, equatorial 


3.15 (а) Recall that a neutral nitrogen atom has three covalent bonds and an unshared electron pair. 
The three bonds are arranged in a trigonal pyramidal manner around each nitrogen in 
hydrazine (H;NNH,). 


| H 
Р. son soe _ un 
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(b) The O—H proton тау be anti to one N—H proton and gauche to the other (left) or it may be 


gauche to both (right). 
№. 
re H H 
О—Н | | ` 
н 


3.16 Conformation (a) is the most stable; all its bonds are staggered. Conformation (с) is the least stable; 
all its bonds are eclipsed. 


3.17 (a) First write out the structural formula of 2,2-dimethylbutane in order to identify the substituent 
groups attached to C-2 and C-3. As shown at left, C-2 bears three methyl groups, and C-3 
bears two hydrogens and a methyl group. The most stable conformation is the staggered one 
shown at right. All other staggered conformations are equivalent to this one. 


Sight along this bond. 
CH, f CH, 
| | H,C CH, 
H,C—C—-—C—CH, 
| | H H 
CH, H CH, 


(b) The constitution of 2-methylbutane and its two most stable conformations are shown. 


Sight along this bond. 
н fH CH, CH, 
| f! H,C CH, HC H 
H,C—C——C-—CH, 
H H H H 


Both conformations are staggered. In one (left), the methyl group at C-3 is gauche to both of 
the C-2 methyls. In the other (right), the methyl group at C-3 is gauche to one of the C-2 
methyls and anti to the other. 

(c) The hydrogens at C-2 and C-3 may be gauche to one another (left), or they may be anti (right). 


CH, H CH, CH, 
tg нс осн, нс. LH 
нес соси, TL 
CH, H CH, 
» Hs H CH, 
Sight along this bond. 


3.18 The 2-methylbutane conformation with one gauche CH, · - - CH, and one anti CH, - - - CH, rela- 
tionship is more stable than the one with two gauche CH, - - - CH, relationships. The more stable 
conformation has less van der Waals strain. 


CH, CH, 
T Mcr 
H H H H 
CH, H 


More stable Less stable 
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3.19 АП the staggered conformations about the C-2—C-3 bond of 2,2-dimethylpropane are equivalent to 
one another and of equal energy; they represent potential energy minima. All the eclipsed confor- 
mations are equivalent and represent potential energy maxima. 


3.20 


Potential energy 


CH, CH, CH, CH, 
H,C-7~CH, H,C-7~CH, H,C-7~CH, H,C-7—CH, 
неон H— —H H— —H H— ~H 


CH, H, CH, 
H,C-7~CH, H4C-7—CH, H,C-7—CH, 
H—/-H H~/H HLH 

| 1 | | | | | 
0 60 120 180 240 300 360 


Torsion angle (degrees) 


The shape of the potential energy profile for internal rotation in 2,2-dimethylpropane more 
closely resembles that of ethane than that of butane. 


The potential energy diagram of 2-methylbutane more closely resembles that of butane than that of 
propane in that the three staggered forms are not all of the same energy. Similarly, not all of the 
eclipsed forms are of equal energy. 


CH, CH, CH, 
H-7—H H-7—H нон 
H Н.С Н.С 
ње CH, ње УН H- `CH, 
> 
5 
я 
о 
E 
= 
2 
E CH, CH, CH, 
H-7—H H-T—H H-7—H 
H,C~/-H HC- сн, HCH, 
CH, H CH, 
| | | | | 


| | 
0 60 120 180 240 300 360 
Torsion angle (degrees) 
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Van der Waals strain between the tert-butyl groups in 2,2,4,4-tetramethylpentane causes the 
C-2—C-3—C-4 angle to open to 125-128°. 


This angle is 


CH CH | enlarged. 
3 3 
Н.С l CH, l CH, is equivalentto ХУС 
| | | 


CH, CH, 


The structure shown in the text is not the most stable conformation, because the bonds of the methyl 
group are eclipsed with those of the ring carbon to which it is attached. The most stable conforma- 
tion has the bonds of the methyl group and its attached carbon in a staggered relationship. 


H H 
H H 
H H 


Bonds of methyl group eclipsed Bonds of methyl group staggered 
with those of attached carbon with those of attached carbon 


Structure A has the hydrogens of its methyl group eclipsed with the ring bonds and is less stable 
than B. The methyl group in structure B has its bonds and those of its attached ring carbon in a stag- 


gered relationship. 
H З xH 
H 
H H 


A (less stable) B (more stable) 


Furthermore, two of the hydrogens of the methyl group of A are uncomfortably close to two axial 
hydrogens of the ring. 


Conformation B is more stable than A. The methyl groups are rather close together in A, resulting in 
van der Waals strain between them. In B, the methyl groups are farther apart. 


Van der Waals strain between cis methyl groups. Methyl groups remain cis, but are far apart. 
CH, —CH 
3 3 H,C CH, 
H H H H 
A B 


(a) By rewriting the structures in a form that shows the order of their atomic connections, it is 
apparent that the two structures are constitutional isomers. 


CH, CH, 
H H | 
КЕ is equivalent to MN eS 
Н.С СН 
3 3 CH, 


(2,2-Dimethylpropane) 


CH, CH, 
H H | 
ү is equivalent to CH,CH,CHCH, 
H,C H 
CH, 


(2-Methylbutane) 
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(b) 


(c) 


(d) 


(e) 


(f) 


(g) 
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Both models represent alkanes of molecular formula C,H,,. In each one the carbon chain is 
unbranched. The two models are different conformations of the same compound, 
CH,CH,CH,CH,CH,CH, (hexane). 

The two compounds have the same constitution; both are (CH;),CHCH(CH;),. The Newman 
projections represent different staggered conformations of the same molecule: in one the 
hydrogens are anti to each other, whereas in the other they are gauche. 


H CH, 
НЕ EH HC H are different conformations of 
and -di 
Н.С CH, HC H 2,3-dimethylbutane 
H CH, 
Hydrogens at C-2 Hydrogens at C-2 and 
and C-3 are anti. C-3 are gauche. 


The compounds differ in the order in which the atoms are connected. They are constitutional 
isomers. Although the compounds have different stereochemistry (one is cis, the other trans), 
they are not stereoisomers. Stereoisomers must have the same constitution. 


CH, CH, 
CH, 


cis-1,2-Dimethylcyclopentane trans-1,3-Dimethylcyclopentane 


Both structures are cis-1-ethyl-4-methylcyclohexane (the methyl and ethyl groups are both 
“up’’). In the structure on the left, the methyl is axial and the ethyl equatorial. The orientations 
are opposite to these in the structure on the right. The two structures are ring-flipped forms of 
each other—different conformations of the same compound. 

The methyl and the ethyl groups are cis in the first structure but trans in the second. The two 
compounds are stereoisomers; they have the same constitution but differ in the arrangement 
of their atoms in space. 


CH, 
CH,CH; 
CH,CH, CH, 
cis-1-Ethyl-4-methylcyclohexane trans-1-Ethyl-4-methylcyclohexane 
(both alkyl groups are up) (ethyl group is down; methyl group is up) 


Do not be deceived because the six-membered rings look like ring-flipped forms. Remember, 
chair-chair interconversion converts all the equatorial bonds to axial and vice versa. Here the 
ethyl group is equatorial in both structures. 

The two structures have the same constitution but differ in the arrangement of their atoms in 
space; they are stereoisomers. They are not different conformations of the same compound, 
because they are not related by rotation about C—C bonds. In the first structure as shown 
here the methyl group is trans to the darkened bonds, whereas in the second it is cis to these 
bonds. 


CH, H 
H CH, 
Methyl is trans to Methyl is cis to 


these bonds. these bonds. 
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3.26 (a) Three isomers of СН, contain two rings and have no alkyl substituents: 


P cp | 


Spiropentane Bicyclo[2.1.0]pentane Bicyclo[1.1.1]pentane 


(b) Five isomers of C;H,, contain two rings and have no alkyl substituents: 


ox рей 


Spirohexane Bicyclo[2.2.0]hexane Bicyclo[3.1.0]hexane 


AN D 


Bicyclo[2.1.1]hexane Cyclopropylcyclopropane 


3.27 (a) The heat of combustion is highest for the hydrocarbon with the greatest number of carbons. 
Thus, cyclopropane, even though it is more strained than cyclobutane or cyclopentane, has the 
lowest heat of combustion. 


e. Cyclopentane Heat of combustion 3291 kJ/mol 
(786.6 kcal/mol) 


[| ЕРЕ РИТЕ Heat of combustion 2721 kJ/mol 

: (650.3 kcal/mol) 

A Cyclopropane Heat of combustion 2091 kJ/mol 
(499.8 kcal/mol) 


A comparison of heats of combustion can only be used to assess relative stability when the 
compounds are isomers. 
(b) АП these compounds have the molecular formula C;H,,. They are isomers, and so the one 
with the most strain will have the highest heat of combustion. 


1,1,2,2-Tetramethylcyclopropane Heat of combustion 


Н.С л CH; КЕ i 
YN (high in angle strain; bonds are 4635 kJ/mol 
eclipsed; van der Waals strain (1107.9 kcal/mol) 
нс CH; between cis methyl groups) 
cis-1,2-Dimethylcyclopentane Heat of combustion 
(low angle strain; some torsional 4590 kJ/mol 
H4 VH strain; van der Waals strain (1097.1 kcal/mol) 


between cis methyl groups) 


Methylcyclohexane Heat of combustion 


пасе E CH, (minimal angle, torsional, and 4565 kJ/mol 


van der Waals strain) (1091.1 kcal/mol) 


56 CONFORMATIONS OF ALKANES AND CYCLOALKANES 


(c) These hydrocarbons all have different molecular formulas. Their heats of combustion de- 
crease with decreasing number of carbons, and comparisons of relative stability cannot be 
made. 


Г 4 Cyclopropylcyclopropane Heat of combustion 
(CHo) 3886 kJ/mol 
(928.8 kcal/mol) 


>] Spiropentane Heat of combustion 
(C Hg) 3296 kJ/mol 
(787.8 kcal/mol) 
<> Bicyclo[1.1.0]butane Heat of combustion 
(С.Н 2648 kJ/mol 


(633.0 kcal/mol) 


(d) Bicyclo[3.3.0]octane and bicyclo[5.1.0]octane are isomers, and their heats of combustion 
can be compared on the basis of their relative stabilities. The three-membered ring in bicy- 
clo[5.1.0]octane imparts a significant amount of angle strain to this isomer, making it less 
stable than bicyclo[3.3.0]octane. The third hydrocarbon, bicyclo[4.3.0]nonane, has a greater 
number of carbons than either of the others and has the largest heat of combustion. 


Bicyclo[4.3.0]nonane Heat of combustion 5652 kJ/mol 
(СУН) (1350.9 kcal/mol) 


Bicyclo[3.3.0]octane Heat of combustion 5016 kJ/mol 
(СН |) (1198.9 kcal/mol) 


H 
ec 
A 
H 
H 
4 Bicyclo[5.1.0]octane Heat of combustion 5089 kJ/mol 
(СН |) (1216.3 kcal/mol) 
H 
| 
H 


3.28 (а) The structural formula of 2,2,5,5-tetramethylhexane is (CH,),CCH,CH,C(CH;),. The sub- 
stituents at C-3 are two hydrogens and a tert-butyl group. The substituents at C-4 are the same 
as those at C-3. The most stable conformation has the large tert-butyl groups anti to each 
other. 


C(CH,), 
H H 


С(СН.). 


Anti conformation of 
2,2,5,5-tetramethylhexane 


(b) The zigzag conformation of 2,2,5,5-tetramethylhexane is an alternative way of expressing 
the same conformation implied in the Newman projection of part (a). It is more complete, 
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(с) 


(4) 


(е) 


however, in that it also shows the spatial arrangement of the substituents attached to the main 
chain. 


КУ 


2,2,5,5-Tetramethylhexane 


An isopropyl group is bulkier than a methyl group, and will have a greater preference for an 
equatorial orientation in the most stable conformation of cis- 1-isopropyl-3-methylcyclohexane. 
Draw a chair conformation of cyclohexane, and place an isopropyl group in an equatorial 


position. 
H 
[Hen 
3 


Notice that the equatorial isopropyl group is down on the carbon atom to which it is attached. 
Add a methyl group to C-3 so that it is also down. 


H 
H 


CH(CH,), 


Н.С 
Both substituents are equatorial in the most stable conformation of cis-1-isopropyl-3-methyl- 
cyclohexane. 
One substituent is up and the other is down in the most stable conformation of trans-1- 


isopropyl-3-methylcyclohexane. Begin as in part (c) by placing an isopropyl group in an equa- 
torial orientation on a chair conformation of cyclohexane. 


H 
I CH(CHj), 
3 


To be trans to the C-1 isopropyl group, the C-3 methyl group must be up. 


H 


CH, 
LE нењ, 


H 


The bulkier isopropyl group is equatorial and the methyl group axial in the most stable 
conformation. 

To be cis to each other, one substituent must be axial and the other equatorial when they are 
located at positions 1 and 4 on a cyclohexane ring. 


H 


1 


CONFORMATIONS OF ALKANES AND CYCLOALKANES 


58 


Place the larger substituent (the tert-butyl group) at the equatorial site and the smaller sub- 


stituent (the ethyl group) at the axial one. 
H 


ü C(CH4) 


CH,CH, 
(f) First write a chair conformation of cyclohexane, then add two methyl groups at C-1, and draw 


in the axial and equatorial bonds at C-3 and C-4. Next, add methyl groups to C-3 and C-4 
so that they are cis to each other. There are two different ways that this can be accomplished: 


either the C-3 and C-4 methyl groups are both up or they are both down. 


CH, 


Less stable chair conformation: C-3 methyl 
group is axial; strong van der Waals strain 
between axial C-1 and C-3 methyl groups 


More stable chair conformation: C-3 methyl 
group is equatorial; no van der Waals strain between 
axial C-1 methyl group and C-3 methyl 


(g) Draw the projection formula as a chair conformation. 


H 
СН, Н 
4 2 Н.С Н 
HOT 1 ђ 
= CH, H CH, 


CH, CH, 
1 4 H 
H H 
H,C~ LH aw CH, 
H CH, ?"H 


More stable conformation: one 


Less stable conformation: two 
axial methyl group 


axial methyl groups 


The ring-flipped form, with two equatorial methyl groups and one axial methyl group, is more 
stable than the originally drawn conformation, with two axial ethyl groups and one equatorial 


methyl group. 


3.29 Begin by writing each of the compounds in its most stable conformation. Compare them by exam- 
ining their conformations for sources of strain, particularly van der Waals strain arising from groups 


located too close together in space. 
(a) Its axial methyl group makes the cis stereoisomer of 1-isopropyl-2-methylcyclohexane less 
stable than the trans. 


B. Dn ЛУ НЕНӘ, 
CH 


4 1712 3 
H 
H CH, 
cis-1-Isopropyl-2-methylcyclohexane trans-1-Isopropyl-2-methylcyclohexane 
(less stable stereoisomer) (more stable stereoisomer) 
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The axial methyl group in the cis stereoisomer is involved in unfavorable repulsions with the 
C-4 and C-6 axial hydrogens indicated in the drawing. 

(b) Both groups are equatorial in the cis stereoisomer of 1-isopropyl-3-methylcyclohexane; cis is 
more stable than trans in 1,3-disubstituted cyclohexanes. 


H H 
JCH, 
£I =н» rouen, 
3 
CH, 
cis-1-Isopropyl-3-methylcyclohexane trans-1-Isopropyl-3-methylcyclohexane 
(more stable stereoisomer; both (less stable stereoisomer; methyl group 
groups are equatorial) is axial and involved in repulsions 


with axial hydrogens at C-1 and C-5) 


(c) The more stable stereoisomer of 1,4-disubstituted cyclohexanes is the trans; both alkyl groups 
are equatorial in trans-1-isopropyl-4-methylcyclohexane. 


1 
6 CH(CH po БЫ. CH 


12 
H 
CH H 
cis-1-Isopropyl-4-methylcyclohexane trans-1-Isopropyl-4-methylcyclohexane 
(less stable stereoisomer; methyl (more stable stereoisomer; both 
group is axial and involved in groups are equatorial) 


repulsions with axial 
hydrogens at C-2 and C-6) 


(d) The first stereoisomer of 1,2,4-trimethylcyclohexane is the more stable one. All its methyl 
groups are equatorial in its most stable conformation. The most stable conformation of the 
second stereoisomer has one axial and two equatorial methyl groups. 


НС ~ ACH; CH, 
"СН, H,C 4 
More stable stereoisomer All methyl groups equatorial in 


most stable conformation 


Less stable stereoisomer 


CH, 
2 
CH, 


One axial methyl group in most 
stable conformation 
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(e) The first stereoisomer of 1,2,4-trimethylcyclohexane is the more stable one here, as it was in 
part (d). All its methyl groups are equatorial, but one of the methyl groups is axial in the most 
stable conformation of the second stereoisomer. 


Н.С CH 
3 3 
4 2 2 CH, 
А 
РСН, H,C~4 
More stable stereoisomer All methyl groups equatorial in 


most stable conformation 


Н.С СН, Н С CH, 
1 H,C 
CH, 5 4 
Less stable stereoisomer One axial methyl group in 


most stable conformation 


(f) Each stereoisomer of 2,3-dimethylbicyclo[3.2.1]octane has one axial and one equatorial 
methyl group. The first one, however, has a close contact between its axial methyl group and 
both methylene groups of the two-carbon bridge. The second stereoisomer has repulsions with 
only one axial methylene group; it is more stable. 


H 
CH, 
CH, Н.С 
CH, H 
H 
Less stable stereoisomer More stable stereoisomer 
(more van der Waals strain) (less van der Waals strain) 


3.30 First write structural formulas showing the relative stereochemistries and the preferred conforma- 


tions of the two stereoisomers of 1,1,3,5-tetramethylcyclohexane. 


Н.С. CH, CH, 
S 
written in its most stable Н.С СН, 
conformation as 
CH, 
cis-1,1,3,5-Tetramethylcyclohexane 
Н.С „СН, СН, 
Б written in its most stable 
conformation as CH; 
Н.С “СН; CH, CH, 


trans-1,1,3,5-Tetramethylcyclohexane 


The cis stereoisomer is more stable than the trans. It exists in a conformation with only one axial 
methyl group, while the trans stereoisomer has two axial methyl groups in close contact with each 
other. The trans stereoisomer is destabilized by van der Waals strain. 


3.31 


3.32 


3.33 


3.34 
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Both structures have approximately the same degree of angle strain and of torsional strain. Structure B 
has more van der Waals strain than A because two pairs of hydrogens (shown here) approach each 
other at distances that are rather close. 


> < 


More stable stereoisomer Van der Waals strain 
destabilizes B 


Five bond cleavages are required to convert cubane to a noncyclic skeleton; cubane is pentacyclic. 


Bex 


Conformational representations of the two different forms of glucose are drawn in the usual way. An 
oxygen atom is present in the six-membered ring, and we are told in the problem that the ring exists 
in a chair conformation. 


HOCH, CH,OH 
written in its most HO Q 
HOw i Ho 
stable conformation as HO 
OH 
HO 
One axial OH substituent 
HOCH, CH,OH 
"vcr HO Q 
HOw written 1n 1ts most HO OH 
stable conformation as OH 
HO All substituents equatorial 


The two structures are not interconvertible by ring flipping; therefore they are not different confor- 
mations of the same molecule. Remember, ring flipping transforms all axial substituents to equato- 
rial ones and vice versa. The two structures differ with respect to only one substituent; they are 
stereoisomers of each other. 


This problem is primarily an exercise in correctly locating equatorial and axial positions in cyclo- 
hexane rings that are joined together into a steroid skeleton. Parts (a) through (e) are concerned with 
positions 1, 4, 7, 11, and 12 in that order. The following diagram shows the orientation of axial and 
equatorial bonds at each of those positions. 


CH, Both methyl groups are up. 


(a) | At C-1 the bond that is cis to the methyl groups is equatorial (up). 
(b) | At C-4 the bond that is cis to the methyl groups is axial (up). 


62 


3.35 


3.36 


3.37-3.40 


SELF-TEST 
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(c) At C-7 the bond that is trans to the methyl groups is axial (down). 
(d) At C-11 the bond that is trans to the methyl groups is equatorial (down). 
(e) | At C-12 the bond that is cis to the methyl groups is equatorial (up). 


Analyze this problem in exactly the same way as the preceding one by locating the axial and equa- 
torial bonds at each position. It will be seen that the only differences are those at C-1 and C-4. 


Both methyl groups are up. 


(a) | At C-1 the bond that is cis to the methyl groups is axial (up). 

(b) At C-4 the bond that is cis to the methyl groups is equatorial (up). 

(c) | At C-7 the bond that is trans to the methyl groups is axial (down). 

(d) At C-11 the bond that is trans to the methyl groups is equatorial (down). 
(e) At C-12 the bond that is cis to the methyl groups is equatorial (up). 


(a)  Thetorsion angle between chlorine substituents is 60? in the gauche conformation and 180? in 
the anti conformation of CICH,CH,Cl. 


а а 
H Cl H H 
H Cl 
Gauche Anti 
(can have a dipole moment) (cannot have a dipole moment) 


(b) АП the individual bond dipole moments cancel in the anti conformation of СІСН,СН,СІ, and 
this conformation has no dipole moment. Since СІСН,СН,СІ has a dipole moment of 1.12 D, 
it can exist entirely in the gauche conformation or it can be a mixture of anti and gauche con- 
formations, but it cannot exist entirely in the anti conformation. Statement 1 is false. 


Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man- 
ual. You should use Learning By Modeling for these exercises. 


PART A 


A-1. Draw Newman projections for both the gauche and the anti conformations of 1-chloro- 
propane, CH4CH;CH,CI. Sight along the C-1, C-2 bond (the chlorine is attached to C-1). 


A-2. Write Newman projection formulas for 
(a) The least stable conformation of butane 
(b) Two different staggered conformations of СНСІ,СНСІ, 
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A-3. 


A-6. 


A-8. 


А-9. 


Give the correct IUPAC name for the compound represented by the following Newman 
projection. 
CH, 


Н.С CH, 


C(CH,), 


Write the structure of the most stable conformation of the less stable stereoisomer of 1-fert- 
butyl-3-methylcyclohexane. 


Draw the most stable conformation of the following substance: 


TOES 
C(CH,), 


Which substituents are axial and which equatorial? 


А wedge-and-dash representation of а form of ribose (called B-D-ribopyranose) is shown 
here. Draw the most stable chair conformation of this substance. 


Consider compounds A, B, C, and D. 
CH, 
нс7—— re 
A B 
CH, CH, 
a. Н.С IT 
C D 
(a) Which one is a constitutional isomer of two others? 
(b) Which two are stereoisomers of one another? 


(c) Which one has the highest heat of combustion? 
(d) Which one has the stereochemical descriptor trans in its name? 


Draw clear depictions of two nonequivalent chair conformations of cis-l-isopropyl- 
4-methylcyclohexane, and indicate which is more stable. 


Which has the lower heat of combustion, cis-1-ethyl-3-methylcyclohexane or cis-1-ethyl- 
4-methylcyclohexane? 


. The hydrocarbon shown is called twistane. Classify twistane as monocyclic, bicyclic, etc. 


What is the molecular formula of twistane? 
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Sketch an approximate potential energy diagram similar to those shown in the text (Fig- 
ures 3.4 and 3.7) for rotation about a carbon-carbon bond in 2-methylpropane. Does the 
form of the potential energy curve more closely resemble that of ethane or that of butane? 


Draw the structure of the sulfur-containing heterocyclic compound that has a structure anal- 
ogous to that of tetrahydrofuran. 


PART B 


B-1. 


B-2. 


B-4. 


Which of the listed terms best describes the relationship between the methyl groups in the 
chair conformation of the substance shown? 


(a) Eclipsed (c) Anti 
(b) Trans (d) Gauche 


Rank the following substances in order of decreasing heat of combustion (largest — smallest). 


CH CH 
p Tm I BE 
CH, "CH, 
1 2 3 4 
(а) 1>2>4>3 (d 3>4>2>1 
(b) 2>4>1>3 (д 1>3>2>4 


Which of the following statements best describes the most stable conformation of trans- 
1, 3-dimethylcyclohexane? 

(a) Both methyl groups are axial. 

(b) Both methyl groups are equatorial. 

(c) One methyl group is axial, the other equatorial. 

(d) The molecule is severely strained and cannot exist. 


Compare the stability of the following two compounds: 
A: cis-1-Ethyl-3-methylcyclohexane 
B: trans-1-Ethyl-3-methylcyclohexane 

(a) Ais more stable. 

(b) Bis more stable. 

(c) Aand B are of equal stability. 

(d) No comparison can be made. 


What, if anything, can be said about the magnitude of the equilibrium constant K for the 
following process? 


а CH(CH,), — Н.С 5 


CH, CH(CH,), 


(a) K=1 (c) К<1 
(b K>1 (d) Мо estimate of К can be made. 
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B-6. What is the relationship between the two structures shown? 


CH, Cl 


aA О 


(a) Constitutional isomers 

(b)  Stereoisomers 

(c) Different drawings of the same conformation of the same compound 
(d) Different conformations of the same compound 


B-7. The two structures shown here аге each other. 
сн» CH, H 
CH 
Н.С H H 3 
? = А с CH, 
H H 
(a) identical with (c) constitutional isomers of 
(b) conformations of (d) stereoisomers of 


B-8. The most stable conformation of the following compound has 


CH,CH, 


| C(CH3); 


CH, 


(a)  Anaxial methyl group and an axial ethyl group 

(b) An axial methyl group and an equatorial ethyl group 

(c) An axial tert-buytl group 

(d) An equatorial methyl group and an equatorial ethyl group 
(e) An equatorial methyl group and an axial ethyl group 


B-9. Which of the following statements is not true concerning the chair-chair interconversion of 
trans-1,2-diethylcyclohexane? 
(a) Ап axial group will be changed into the equatorial position. 
(b)  Theenergy of repulsions present in the molecule will be changed. 
(c) Formation of the cis substance will result. 
(d) One chair conformation is more stable than the other. 


B-10. The most stable conformation of the compound 


HC os OH, 


(in which all methyl groups are cis to one another) has: 
(a) АП methyl groups axial 

(b) All methyl groups equatorial 

(c) Equatorial methyl groups at C-1 and C-2 

(d) Equatorial methyl groups at C-1 and C-4 

(e) Equatorial methyl groups at C-2 and C-4 
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Which point on the potential energy diagram is represented by the Newman projection 
shown? 


(a) 


. Which of the following statements is true? 


(a) Van der Waals strain in cis-1,2-dimethylcyclopropane is the principal reason for its 
decreased stability relative to the trans isomer. 

(b) СусІоһехапе gives off more heat per CH, group on being burned in air than any other 
cycloalkane. 

(c) The principal source of strain in the boat conformation of cyclohexane is angle strain. 

(d) The principal source of strain in the gauche conformation of butane is torsional strain. 


Which one of the following has an equatorial methyl group in its most stable conformation? 


не, сено, СН). СН», C(CH,), C(CH,), 


“CH, 
CH, 


(a) (b) (c) (d) (е) 


. The structure shown is the carbon skeleton of adamantane, a symmetrical hydrocarbon 


having a structure that is a section of the diamond lattice. 


Adamantane is: 
(a) Bicyclic (c)  Tetracyclic 
(b)  Tricyclic (d)  Pentacyclic 


CHAPTER 4 
ALCOHOLS AND ALKYL HALIDES 


SOLUTIONS TO TEXT PROBLEMS 


4.1 There are four C,H, alkyl groups, and so there are four C,H,Cl alkyl chlorides. Each may be named 
by both the functional class and substitutive methods. The functional class name uses the name of 
the alkyl group followed by the halide as a second word. The substitutive name modifies the name 
of the corresponding alkane to show the location of the halogen atom. 


Functional class name Substitutive name 
CH,CH,CH,CH,Cl n-Butyl chloride 1-Chlorobutane 
(Butyl chloride) 
CH;CHCH,CH; sec-Butyl chloride 2-Chlorobutane 
Cl (1-Methylpropyl chloride) 
CH,CHCH;CI Isobutyl chloride 1-Chloro-2-methylpropane 
CH, (2-Methylpropyl chloride) 
CH, 
CH,CCH, 
tert-Butyl chloride 2-Chloro-2-methylpropane 
Cl (1,1-Dimethylethyl chloride) 


4.2 Alcohols may also be named using both the functional class and substitutive methods, as in the 
previous problem. 
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Functional class name Substitutive name 
CH,CH,CH,CH,OH n-Butyl alcohol 1-Butanol 
(Butyl alcohol) 
CH;CHCH,CH; sec-Butyl alcohol 2-Butanol 
OH (1-Methylpropyl alcohol) 
CH,CHCH,OH Isobutyl alcohol 2-Methyl-1-propanol 
CH, (2-Methylpropyl alcohol) 
CH, 
CH,CCH, 
| tert-Butyl alcohol 2-Methyl-2-propanol 
OH (1,1-Dimethylethyl alcohol) 


4.3 Alcohols are classified as primary, secondary, or tertiary according to the number of carbon 
substituents attached to the carbon that bears the hydroxyl group. 


| i 
о а ЕЕ 
H OH 
Primary alcohol Secondary alcohol 


(one alkyl group bonded to — CH,OH) (two alkyl groups bonded to XCHOH) 


ji їн 

Сао ОН и. 
H CH, 

Primary alcohol Tertiary alcohol 


(one alkyl group bonded to — CH,OH) (three alkyl groups bonded to сон) 


4.4 Dipole moment is the product of charge and distance. Although the electron distribution in the 
carbon-chlorine bond is more polarized than that in the carbon-bromine bond, this effect is 
counterbalanced by the longer carbon-bromine bond distance. 


џ=е-а 
Dipole moment ) Distance 
Charge 
——— ——— 
CH,—CI CH,—Br 
Methyl chloride Methyl bromide 
(greater value of e) (greater value of d) 
и 1.90 р 1.82 


4.5 All the hydrogens in dimethyl ether (CH,OCH,) are bonded to carbon; therefore, intermolecular 
hydrogen bonding between dimethyl ether molecules does not take place, and its boiling point is 
lower than that of ethanol (CH,CH,OH), where hydrogen bonding involving ће — ОН group is 
important. 


4.6 Ammonia is a base and abstracts (accepts) a proton from the acid (proton donor) hydrogen chloride. 


> m MS .._ 
Н.М: + HOC: — "їн, + Ñ: 
Base Acid Conjugate Conjugate 


acid base 


4.7 


4.8 


4.9 


4.11 


ALCOHOLS AND ALKYL HALIDES 69 


Since the pK, of HCN is given as 9.1, its K, = 10 ?'. In more conventional notation, K, = 
8 x 10 '°. Hydrogen cyanide is a weak acid. 


Hydrogen cyanide is a weak acid, but it is a stronger acid than water (pK, = 15.7). Since HCN is a 
stronger acid than water, its conjugate base (CN ) is a weaker base than hydroxide (HO ), which is 
the conjugate base of water. 


An unshared electron pair on oxygen abstracts the proton from hydrogen chloride. 


(CH34C. | — —. (X. (СНС 5 
USO + НС L—— SoH + de 
H H 
Base Acid Conjugate Conjugate 
acid base 


In any proton-transfer process, the position of equilibrium favors formation of the weaker acid and 
the weaker base from the stronger acid and base. Alkyloxonium ions (ROH,*) have approximately 
the same acidity as hydronium ion (H4O*, pK, = — 1.7). Thus hydrogen chloride (pK, = —7) is the 
stronger acid. tert-Butyl alcohol is the stronger base because it is the conjugate of the weaker acid 
(tert-butyloxonium ion). 


(CH,),COH + на (CH,),COH, + Cr 


Stronger (рК, = —7) (pK, ~ —1.7) Weaker 
base Stronger Weaker base 
acid acid 


The equilibrium constant for proton transfer from hydrogen chloride to tert-butyl alcohol is much 
greater than 1. 


The proton being transferred is partially bonded to the oxygen of tert-butyl alcohol and to chloride 
at the transition state. 


(b) Hydrogen chloride converts tertiary alcohols to tertiary alkyl chlorides. 


(CH,CHj,COH + На 


(CH,CH,),CCl + H,O 


3-Ethyl-3-pentanol Hydrogen 3-Chloro-3-ethylpentane Water 
chloride 


(с)  l-Tetradecanol is a primary alcohol having an unbranched 14-carbon chain. Hydrogen 
bromide reacts with primary alcohols to give the corresponding primary alkyl bromide. 


CH,(CH,),,CH,OH + HBr 


CH,(CH,),,CH,Br + H,O 


1-Tetradecanol Hydrogen 1-Bromotetradecane Water 
bromide 


The order of carbocation stability is tertiary > secondary > primary. There is only one C4H,,* car- 
bocation that is tertiary, and so that is the most stable one. 


CH 
CH,CH,C* 
Xch, 
1,1-Dimethylpropyl cation 
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4.14 1-Butanol is a primary alcohol; 2-butanol is a secondary alcohol. A carbocation intermediate is 
possible in the reaction of 2-butanol with hydrogen bromide but not in the corresponding reaction of 
1-butanol. 

The mechanism of the reaction of 1-butanol with hydrogen bromide proceeds by displacement of 
water by bromide ion from the protonated form of the alcohol (the alkyloxonium ion). 


Protonation of the alcohol: 


I gs "m > H m 
CH,CH,CH,CH,O: + H--Br: CH,CH,CH,CH,O* + :Br: 
N. oe 2 \ .. 
H H 
1-Butanol Hydrogen Butyloxonium ion Bromide 


Displacement of water by bromide: 


CH,CH,CH, 
5 Б каса! син slow ,H 
Br: СВОЈ — "—5 CH,CH,CH,CH,Br + :0: 
H “н 
Bromide ion Butyloxonium ion 1-Bromobutane Water 


The slow step, displacement of water by bromide from the oxonium ion, is bimolecular. The reaction 
of 1-butanol with hydrogen bromide follows the 5,2 mechanism. 
The reaction of 2-butanol with hydrogen bromide involves a carbocation intermediate. 


Protonation of the alcohol: 


Оена нон, + Вг 


снуснәЄНСн; + HBr: 


:0: :0' 
H^ H^ “н 
2-Виїапо1 Hydrogen sec-Butyloxonium ion Bromide ion 
bromide 
Dissociation of the oxonium ion: 
CH;CH,CHCH; . W , CH3;CH,CHCH, + :О: 
| T u^ NH 
:О* 
H/ ^H 
sec-Butyloxonium ion sec-Butyl cation Water 
Capture of sec-butyl cation by bromide: 
CH,CH, 
‘Bri + „CHCH, кен 
Вг 
Bromide ion sec-Butyl cation 2-Bromobutane 


The slow step, dissociation of the oxonium ion, is unimolecular. The reaction of 2-butanol with 
hydrogen bromide follows the 5,1 mechanism. 


4.15 The most stable alkyl free radicals are tertiary. The tertiary free radical having the formula С;Н,, has 
the same skeleton as the carbocation in Problem 4.13. 


CH, 
CH,CH,—C: 
CH, 
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4.16 (b) Writing the equations for carbon-carbon bond cleavage in propane and in 2-methylpropane, 
we see that a primary ethyl radical is produced by a cleavage of propane whereas a secondary 
isopropyl radical is produced by cleavage of 2-methylpropane. 


CH,CH, CH, сњен, + CH, 
Propane Ethyl radical Methyl radical 
CH 

CHÍCHCH, CH,CHCH, + Сн, 
2-Methylpropane Isopropyl radical Methyl radical 


A secondary radical is more stable than a primary one, and so carbon-carbon bond cleavage 
of 2-methylpropane requires less energy than carbon-carbon bond cleavage of propane. 
(c) | Carbon-carbon bond cleavage of 2,2-dimethylpropane gives a tertiary radical. 


тв CH, 
CHICCH, CH,—C: + CH, 
H 
CH, RE 
2,2-Dimethylpropane tert-Butyl radical Methyl radical 


As noted in part (5), a secondary radical is produced on carbon-carbon bond cleavage of 
2-methylpropane. We therefore expect a lower carbon-carbon bond dissociation energy for 
2,2-dimethylpropane than for 2-methylpropane, since a tertiary radical is more stable than a 
secondary one. 


4.17 First write the equation for the overall reaction. 


сња + CL —— CHO, + HCl 


Chloromethane Chlorine Dichloromethane Hydrogen chloride 
The initiation step is dissociation of chlorine to two chlorine atoms. 


©—б: 


Ci + e 


Chlorine 2 Chlorine atoms 


A chlorine atom abstracts a hydrogen atom from chloromethane in the first propagation step. 


H /] H 
dl cw n —— ad + H—Cl: 
н н 
Chloromethane Chlorine atom Chloromethyl radical Hydrogen chloride 


Chloromethyl radical reacts with Cl, in the next propagation step. 


Chloromethyl radical Chlorine Dichloromethane Chlorine atom 
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Writing the structural formula for ethyl chloride reveals that there are two nonequivalent sets of 
hydrogen atoms, in either of which a hydrogen is capable of being replaced by chlorine. 


CL 
CH,CH,C| дна  CH,CHCl, + CICH,CH,CI 
Ethyl chloride 1,1-Dichloroethane 1,2-Dichloroethane 


The two dichlorides are 1,1-dichloroethane and 1,2-dichloroethane. 


Propane has six primary hydrogens and two secondary. In the chlorination of propane, the relative 
proportions of hydrogen atom removal are given by the product of the statistical distribution and the 
relative rate per hydrogen. Given that a secondary hydrogen is abstracted 3.9 times faster than a pri- 
mary one, we write the expression for the amount of chlorination at the primary relative to that at the 
secondary position as: 


Number of primary hydrogens X rate of abstraction of primary hydrogen _ 6X1 _ 0.77 


Number of secondary hydrogens X rate of abstraction of a secondary hydrogen 2 х 3.9 1.00 


Thus, the percentage of propyl chloride formed is 0.77/1.77, or 43%, and that of isopropyl chloride 
is 57%. (The amounts actually observed are propyl 45%, isopropyl 55%.) 


(b) In contrast with free-radical chlorination, alkane bromination is a highly selective process. 
The major organic product will be the alkyl bromide formed by substitution of a tertiary 
hydrogen with a bromine. 


CH(CH),  ““ CH), 


Tertiary 


hydrogen Br 
]-Isopropyl-1- 1-(1-Bromo-1-methylethyl)- 
methylcyclopentane 1-methylcyclopentane 


(c) Asin part (b), bromination results in substitution of a tertiary hydrogen. 


CH, CH, CH, CH, 

CH,CCH,CHCH, au снсн,ссн, 
CH, CH, Br 

2,2,4-Trimethylpentane 2-Bromo-2,4,4-trimethylpentane 


(a)  Cyclobutanol has a hydroxyl group attached to a four-membered ring. 


Су-он 


Cyclobutanol 
(b)  sec-Butyl alcohol is the functional class name for 2-butanol. 
CH,CHCH,CH, 
bu 
sec-Butyl alcohol 


(c) The hydroxyl group is at C-3 of an unbranched seven-carbon chain in 3-heptanol. 


вос 
OH 


3-Heptanol 
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(d) 


(e) 


(f) 


(g) 


(ћ) 


422 (а) 


A chlorine at С-2 is on the opposite side of the ring from the C-1 hydroxyl group in trans- 
2-chlorocyclopentanol. Note that it is not necessary to assign a number to the carbon that bears 
the hydroxyl group; naming the compound as a derivative of cyclopentanol automatically 
requires the hydroxyl group to be located at C-1. 


Qe 


а 
trans-2-Chlorocyclopentanol 
This compound is an alcohol in which the longest continuous chain that incorporates the 


hydroxyl function has eight carbons. It bears chlorine substituents at C-2 and C-6 and methyl 
and hydroxyl groups at C-4. 


ji 
сии 
а она 


2,6-Dichloro-4-methyl-4-octanol 


The hydroxyl group is at C-1 in trans-4-tert-butylcyclohexanol; the tert-butyl group is at C-4. 
The structures of the compound can be represented as shown at the left; the structure at the 
right depicts it in its most stable conformation. 


№ OH 
(CH,),C 


H 


trans-4-tert-Butylcyclohexanol 


(CH44C 


The cyclopropyl group is on the same carbon as the hydroxyl group in 1-cyclopropylethanol. 


СОН 
CH, 


1-Cyclopropylethanol 


The cyclopropyl group and the hydroxyl group are on adjacent carbons in 2-cyclopro- 


pylethanol. 
[^—CH,CH;OH 


2-Cyclopropylethanol 


This compound has a five-carbon chain that bears a methyl substituent and a bromine. The 
numbering scheme that gives the lower number to the substituent closest to the end of the 
chain is chosen. Bromine is therefore at C-1, and methyl is a substituent at C-4. 
VM БЕНЕН 
CH, 


1-Bromo-4-methylpentane 
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(f) 


(g) 


(h) 
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This compound has the same carbon skeleton as the compound in part (a) but bears a hydroxyl 
group in place of the bromine and so is named as a derivative of 1-pentanol. 


бн нешс нн 
CH, 


4-Methyl-1-pentanol 


This molecule is a derivative of ethane and bears three chlorines and one bromine. The name 
2-bromo-1,1,1-trichloroethane gives a lower number at the first point of difference than 
1-bromo-2,2,2-trichloroethane. 


CLCCH,Br 


2-Bromo-1,1,1-trichloroethane 


This compound is a constitutional isomer of the preceding one. Regardless of which carbon 
the numbering begins at, the substitution pattern is 1,1,2,2. Alphabetical ranking of the halo- 
gens therefore dictates the direction of numbering. Begin with the carbon that bears bromine. 
TRAE 
Cl 


1-Bromo-1,2,2-trichloroethane 


This is a trifluoro derivative of ethanol. The direction of numbering is dictated by the hydroxy] 
group, which is at C-1 in ethanol. 


CF,CH,OH 
2,2,2-Trifluoroethanol 


Here the compound is named as a derivative of cyclohexanol, and so numbering begins at the 
carbon that bears the hydroxyl group. 


LU dH 


cis-3-tert-Butylcyclohexanol 


This alcohol has its hydroxyl group attached to C-2 of a three-carbon continuous chain; it is 


named as a derivative of 2-propanol. 
CH, 
уон 


CH, 
2-Cyclopentyl-2-propanol 
The six carbons that form the longest continuous chain have substituents at C-2, C-3, and C-5 


when numbering proceeds in the direction that gives the lowest locants to substituents at the 
first point of difference. The substituents are cited in alphabetical order. 


5-Bromo-2,3-dimethylhexane 


Had numbering begun in the opposite direction, the locants would be 2,4,5 rather than 2,3,5. 
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(i) | Hydroxyl controls the numbering because the compound is named as an alcohol. 


OH 
4,5-Dimethyl-2-hexanol 


4.23 Primary alcohols are alcohols in which the hydroxyl group is attached to a carbon atom which has 
one alkyl substituent and two hydrogens. Four primary alcohols have the molecular formula 


С НО. The functional class name for each compound is given in parentheses. 


CH,CH,CH,CH,CH,OH оон н OH 


CH, 
1-Pentanol 2-Methyl-1-butanol 
(Pentyl alcohol) (2-Methylbutyl alcohol) 
js 
CHR не нон Соя 
CH, CH, 
3-Methyl-1-butanol 2,2-Dimethyl-1-propanol 
(3-Methylbutyl alcohol) (2,2-Dimethylpropyl alcohol) 


Secondary alcohols are alcohols in which the hydroxyl group is attached to a carbon atom which has 
two alkyl substituents and one hydrogen. There are three secondary alcohols of molecular formula 


C5H,,0: 
OH 
CH,CHCH;CH,CH, | CH,CH;CHCH;CH, CH CH CHOR, 
он он бн, 
2-Pentanol 3-Pentanol 3-Methyl-2-butanol 
(1-Methylbutyl alcohol) (1-Ethylpropyl alcohol) (1,2-Dimethylpropyl alcohol) 


Only 2-methyl-2-butanol is a tertiary alcohol (three alkyl substituents on the hydroxyl-bearing 
carbon): 


| 
CH,CCH,CH, 


| 
CH, 


2-Methyl-2-butanol 
(1,1-Dimethylpropyl alcohol) 


4.24 The first methylcyclohexanol to be considered is 1-methylcyclohexanol. The preferred chair confor- 
mation will have the larger methyl group in an equatorial orientation, whereas the smaller hydroxyl 
group will be axial. 


OH 


Most stable conformation of 
]-methylcyclohexanol 
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In the other isomers methyl and hydroxyl will be in a 1,2, 1,3, or 1,4 relationship and can be cis or 
trans in each. We can write the preferred conformation by recognizing that the methyl group will 
always be equatorial and the hydroxyl either equatorial or axial. 


Los OR duel 
CH, Н.С 
CH, 


trans-2-Methylcyclohexanol cis-3-Methylcyclohexanol trans-4-Methylcyclohexanol 


OH OH OH 
Fe Lc Lo 
Я А Н.С 


cis-2-Methylcyclohexanol trans-3-Methylcyclohexanol cis-4-Methylcyclohexanol 


4.25 Тһе assumption is incorrect for the 3-methylcyclohexanols. cis-3-Methylcyclohexanol is more stable 
than trans-3-methylcyclohexanol because the methyl group and the hydroxyl group are both equa- 
torial in the cis isomer, whereas one substituent must be axial in the trans. 


OH 
277 9" 
CH, CH, 
cis-3-Methylcyclohexanol more trans-3-Methylcyclohexanol less 
stable; smaller heat of combustion stable; larger heat of combustion 


4.26 (a) The most stable conformation will be the one with all the substituents equatorial. 


H.C OH 
? Е 


The hydroxyl group is trans to the isopropyl group and cis to ће methyl group. 

(b) АП three substituents need not always be equatorial; instead, one or two of them may be axial. 
Since neomenthol is the second most stable stereoisomer, we choose the structure with one axial 
substituent. Furthermore, we choose the structure with the smallest substituent (the hydroxyl 
group) as the axial one. Neomenthol is shown as follows: 


OH 


= 
CH(CH,), 


4.27 In all these reactions the negatively charged atom abstracts a proton from an acid. 


(a) HI + НО ——t I + H,O 
Hydrogen iodide: acid Hydroxide ion: Iodide ion: Water: conjugate acid 
(stronger acid, K, = 10!°) base conjugate base (weaker acid, К, = 10716) 
О О 
(b) CH,CH,O + aroi —— CH,CH,OH + F 
Ethoxide ion: Acetic acid: acid Ethanol: conjugate acid Acetate ion: 


base (stronger acid, K, = 1075) (weaker acid, K, = 107*6) conjugate base 


4.28 
L- x 5- A 
(CHj),CH—0: + НВг (CH,),CH—O--H--Br 
Base Acid (stronger acid) 
K, = 10° 


4.29 
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(c) НЕ + НМ 
Hydrogen fluoride: acid Amide ion: 
(stronger acid, K, = 107) base 
(d) CH,CO- + HCl 
Acetate ion: Hydrogen chloride: acid 
base (stronger acid, K, == 107) 
(e) (CH,),CO™ + H,O 
tert-Butoxide ion: Water: acid 
base (stronger acid, K, = 10716) 
(f)  (CH),CHOH + HN. 
Isopropyl alcohol: acid Amide ion: 
(stronger acid, K, = 10717) base 
(g) F + H,SO, 


Fluoride ion: Sulfuric acid: acid 
base (stronger acid, K, == 10°) 
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F- * HN 


Fluoride ion: 
conjugate base 


Ammonia: conjugate acid 
(weaker acid, K, = 10-36) 


| 
CH,COH + сг 


Chloride ion: 
conjugate base 


Acetic acid: conjugate acid 
(weaker acid, K, == 107) 


(CH,),COH + HO 
tert-Butyl alcohol: 
conjugate acid 
(weaker acid, K, 10715) 


Hydroxide ion: 
conjugate base 


(CH4,CHO + H,N 


Ammonia: conjugate acid 
(weaker acid, K, = 1073) 


Isopropoxide ion: 
conjugate base 


HF + HSO, 
Hydrogen fluoride: 
conjugate acid 
(weaker acid, K, = 107^) 


Hydrogen 
sulfate ion: 
conjugate base 


(a) The proton-transfer transition state can represent the following reaction, or its reverse: 


(CH,),CH—OH + Br 


Conjugate acid Conjugate 
(weaker acid) base 
К, = 107" 


When the reaction proceeds as drawn, the stronger acid (hydrogen bromide) is on the left, the 
weaker acid (isopropyl alcohol) is on the right, and the equilibrium lies to the right. 
(b) Hydroxide is a strong base; methyloxonium ion is a strong acid. 


H 
ота Тал 
НО: + H--O- 
oe oe BN 
CH, 
Hydroxide ion Methyloxonium 
(base) ion (acid) 


7H 
——— нон + D 
CH, 
Water Methanol 


(conjugate acid) ^ (conjugate base) 


(a) This problem reviews the relationship between logarithms and exponential numbers. We need 
to determine К, given pK, The equation that relates the two is 


pK, = —108 Ka 


Therefore 


К, = 107 PK. 
— 10) 38 
= 3.3 x 107+ 
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(b) As described in part (а), K, = 107”, therefore K, for vitamin C is given by the expression: 


К = 107417 
=6.7 X 105 


(c) Similarly, K, = 1.8 X 10 ^ for formic acid (pK, 3.75). 
(d) К,= 6.5 X 10 ? for oxalic acid (pK, 1.19). 


In ranking the acids in order of decreasing acidity, remember that the larger the equilibrium constant 
K,, the stronger the acid; and the lower the pK, value, the stronger the acid. 


Acid К рК 


Oxalic (strongest) 6.5 X 10? 1.19 
Aspirin 33 x 104 3.48 
Formic acid 1.8 x 1074 3.75 
Vitamin C (weakest) 6.7 X 10? 4.17 


Because the pK, of CH,SH (11) is smaller than that of CH4OH (16), CH,SH is the stronger acid of 
the two. Its conjugate base (as in KSCH,) is therefore weaker than the conjugate base of СЊОН 
(as in KOCH,). 


This problem illustrates the reactions of a primary alcohol with the reagents described in the chapter. 


(a) CH,CH,CH,CH,OH + NaNH, CH,CH,CH,CH,O-Na* + NH, 


Sodium butoxide 


HBr 
heat 


(b CH,CH,CH,CH,OH CH,CH,CH,CH,Br 


1-Bromobutane 


NaBr, H,SO, 
heat 


(c) CH,CH,CH,CH,OH CH,CH,CH,CH,Br 


1-Bromobutane 


(d) CH,CH,CH,CH,OH ————>  CH,CH,CH,CH,Br 


1-Bromobutane 


(e) CH,CH,CH,CH,OH ——==— CH,CH,CH,CH,Cl 
1-Chlorobutane 


(a) This reaction was used to convert the primary alcohol to the corresponding bromide in 60% 


yield. 
PBr, 
CH,CH,OH Hd СН,СН,Вг 


(b)  Thionyl chloride treatment of this secondary alcohol gave the chloro derivative in 59% yield. 


CH, | CH, O 
COCH,CH, қос, COCH,CH, 
pyridine 


OH CI 
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(c) 


(d) 


(е) 
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The starting material is a tertiary alcohol and reacted readily with hydrogen chloride to form 
the corresponding chloride in 67% yield. 


Br ть Br ть 
C—OH C—Cl 
| HCl | 
CH, CH, 


Both primary alcohol functional groups were converted to primary bromides; the yield was 


88%. 
CH,CH,OH CH,CH,Br 
Д NN; 
heat 


HOCH,CH; BrCH,CH; 


This molecule is called adamantane. It has six equivalent CH, groups and four equivalent CH 
groups. Bromination is selective for tertiary hydrogens, so a hydrogen of one of the CH 
groups is replaced. The product shown was isolated in 76% yield. 


Bry, light 
— 
100°C Br 


C,,H,.Br 


10 15 


4.33 The order of reactivity of alcohols with hydrogen halides is tertiary > secondary > primary > 


methyl. 


ROH + HBr RBr + H,O 
Reactivity of Alcohols with Hydrogen Bromide: 
Part More reactive Less reactive 
(a) CH,CHCH,CH, CH,CH,CH,CH,OH 
OH 
2-Butanol: 1-Butanol: 
secondary primary 
(b) CER HCH CH СИ нон 
OH CH, 
2-Butanol: 2-Methyl-1-butanol: 
secondary primary 
(c) н син CH,CHCH,CH, 
OH OH 
2-Methyl-2-butanol: 2-Butanol: 
tertiary secondary 


(continued) 
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Part More reactive Less reactive 

(d) Ыр ар 
ОН CH, 
2-Butanol 2-Methylbutane: 


not an alcohol; does 
not react with HBr 


(e) CH, OH H, OH 


1-Methylcyclopentanol: 


8 Cyclohexanol: 
tertiary secondary 
P CH, OH H, OH 
S 
1-Methylcyclopentanol: trans-2-Methylcyclopentanol: 
tertiary secondary 
(g) H.CH 
CH;CH, OH [C cuon, 
1-Cyclopentylethanol: 
1-Ethylcyclopentanol: secondary 


tertiary 


4.34 The unimolecular step in the reaction of cyclohexanol with hydrogen bromide to give cyclohexyl 
bromide is the dissociation of the oxonium ion to a carbocation. 


Ot 
н + H—Ó—H 
H 


Cyclohexyloxonium ion Cyclohexyl cation Water 


4.35 The nucleophile that attacks the oxonium ion in the reaction of 1-hexanol with hydrogen bromide is 
bromide ion. 


H 
кк en РА Е 
В: + снусн н, 05 CH,(CH,),CH,Br + H—Ö—H 
H 
Bromide ion Hexyloxonium ion 1-Bromohexane Water 


4.36 (a) Both the methyl group and the hydroxyl group are equatorial in the most stable conformation 
of trans-4-methylcyclohexanol. 


He / ОН 


trans-4-Methylcyclohexanol 
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(b) The positively charged carbon in the carbocation intermediate is sp^-hybridized, and is planar. 


H 


ч 
p А 


Carbocation intermediate 


(c) Bromide ion attacks the carbocation from both above and below, giving rise to two stereo- 
isomers, cis- and trans-1-bromo-4-methylcyclohexane. 


Br 
в. Hos. № 
cis-1-Bromo-4-methylcyclohexane trans-1-Bromo-4-methylcyclohexane 


4.37 Examine the equations to ascertain which bonds are made and which are broken. Then use the bond 
dissociation energies in Table 4.3 to calculate АН? for each reaction. 


(à) (CHj,CH—OH + НЕ 


(CHj,CH—F + H—OH 


385 kJ/mol 568 kJ/mol 439 kJ/mol 497 kJ/mol 
(92 kcal/mol) (136 kcal/mol) (105 kcal/mol) (119 kcal/mol) 
Bond breaking: 953 kJ/mol (228 kcal/mol) Bond making: 936 kJ/mol (224 kcal/mol) 


AH? = energy cost of breaking bonds — energy given off in making bonds 
953 kJ/mol — 936 kJ/mol (228 kcal/mol — 224 kcal/mol) 
+17 kJ/mol (+4 kcal/mol) 


The reaction of isopropyl] alcohol with hydrogen fluoride is endothermic. 


(b) (CH,),CH—OH + H—Cl 


(CH,),CH—Cl + H—OH 


385 kJ/mol 431 kJ/mol 339 kJ/mol 497 kJ/mol 
(92 kcal/mol) (103 kcal/mol) (81 kcal/mol) (119 kcal/mol) 
Bond breaking: 816 kJ/mol (195 kcal/mol) Bond making: 836 kJ/mol (200 kcal/mol) 


AH? = energy cost of breaking bonds — energy given off in making bonds 
816 kJ/mol — 836 kJ/mol (195 kcal/mol — 200 kcal/mol) 
— —20 kJ/mol (—5 kcal/mol) 


The reaction of isopropyl alcohol with hydrogen chloride is exothermic. 


(c) ai + H—CI — Rees + H—H 
H Cl 
397 kJ/mol 431 kJ/mol 339 kJ/mol 435 kJ/mol 
(95 kcal/mol) (103 kcal/mol) (81 kcal/mol) (104 kcal/mol) 
Bond breaking: 828 kJ/mol (198 kcal/mol) Bond making: 774 kJ/mol (185 kcal/mol) 


AH? = energy cost of breaking bonds — energy given off in making bonds 
828 kJ/mol — 774 kJ/mol (198 kcal/mol — 185 kcal/mol) 
+54 kJ/mol (+13 kcal/mol) 


The reaction of propane with hydrogen chloride is endothermic. 


4.38 In the statement of the problem you are told that the starting material is 2,2-dimethylpropane, that 
the reaction is one of fluorination, meaning that F, is a reactant, and that the product is (CF;),C. You 
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need to complete the equation by realizing that HF is also formed in the fluorination of alkanes. The 
balanced equation is therefore: 


(CH,),C + I2F, 


(CF,),C + 12HF 


The reaction is free-radical chlorination, and substitution occurs at all possible positions that bear a 
replaceable hydrogen. Write the structure of the starting material, and identify the nonequivalent 
hydrogens. 


F CI 
к ы =н, 
F H 


1,2-Dichloro-1,1-difluoropropane 


The problem states that one of the products is 1,2,3-trichloro-1,1-difluoropropane. This compound 
arises by substitution of one of the methyl hydrogens by chlorine. We are told that the other product 
is an isomer of 1,2,3-trichloro-1,1-difluoropropane; therefore, it must be formed by replacement of 
the hydrogen at C-2. 


F Cl F Cl 
Cl—C—C—CH,Cl CI—C—C—CH, 
ЕН F Cl 


1,2,3- Trichloro-1,1-difluoropropane 1,2,2-Trichloro-1,1-difluoropropane 


Free-radical chlorination leads to substitution at each carbon that bears a hydrogen. This problem es- 
sentially requires you to recognize structures that possess various numbers of nonequivalent hydro- 
gens. The easiest way to determine the number of constitutional isomers that can be formed by chlo- 
rination of a particular compound is to replace one hydrogen with chlorine and assign an IUPAC 
name to the product. Continue by replacing one hydrogen on each carbon in the compound, and 
compare names to identify duplicates. 


(a) 2,2-Dimethylpropane is the С.Н |, isomer that gives a single monochloride, since all the hydro- 
gens are equivalent. 


CH, CH, 
сосн, at ceo 
CH, CH, 
2,2-Dimethylpropane 1-Chloro-2,2-dimethylpropane 


(b) The C,H}, isomer that has three nonequivalent sets of hydrogens is pentane. It yields three 
isomeric monochlorides on free-radical chlorination. 


=> CICH,CH,CH,CH,CH, 
1-Chloropentane 


1 


С 
CH,CH,CH,CH,CH, —L НОНЕ ЕНЕН, 


Репїапе С1 


2-Chloropentane 


— с Ио. 
CI 


3-Chloropentane 
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(c) 2-Methylbutane forms four different monochlorides. 


r— CICH,CHCH,CH, 


| 
CH, 


1-Chloro-2-methylbutane 


Cl, 


=> (CH,),CCH,CH, 


| 
CH, СІ 


2-Chloro-2-methylbutane 


нее 


2-Methylbutane 
> Ce CHI, 


Cl 
2-Chloro-3-methylbutane 


L> (CH,),CHCH,CH,Cl 
1-Chloro-3-methylbutane 


(d) For only two dichlorides to be formed, the starting alkane must have a structure that is rather 
symmetrical; that is, one in which most (or all) of the hydrogens are equivalent. 2,2-Di- 
methylpropane satisfies this requirement. 


CH CH CH 
А n [^ 
221 
Сион — о + CIRC CROCI 
CH, CH, CH, 
2,2-Dimethylpropane 1,1-Dichloro-2,2- 1,3-Dichloro-2,2- 
dimethylpropane dimethylpropane 


4.44 (a) Heptane has five methylene groups, which on chlorination together contribute 85% of the total 
monochlorinated product. 


CH,(CH,)<CH, 


CH,(CH,);CH,Cl + (2-chloro + 3-chloro + 4-chloro) 


15% 85% 


Since the problem specifies that attack at each methylene group is equally probable, the five 
methylene groups each give rise to 85/5, or 17%, of the monochloride product. 

Since C-2 and C-6 of heptane are equivalent, we calculate that 2-chloroheptane will con- 
stitute 34% of the monochloride fraction. Similarly, C-3 and C-5 are equivalent, and so there 
should be 34% 3-chloroheptane. The remainder, 17%, is 4-chloroheptane. 

These predictions are very close to the observed proportions. 


Calculated, % Observed, % 
2-Chloro 34 35 
3-Chloro 34 34 
4-Chloro 17 16 


(b) There are a total of 20 methylene hydrogens in dodecane, CH,(CHj),,CH,. The 19% 
2-chlorododecane that is formed arises by substitution of any of the four equivalent methyl- 
ene hydrogens at C-2 and C-11. The total amount of substitution of methylene hydrogens must 
therefore be: 


20 
a х 19% = 95% 
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The remaining 5% corresponds to substitution of methyl hydrogens at C-1 and C-12. The 
proportion of 1-chlorododecane in the monochloride fraction is 5%. 


4.42 (a) Two of the monochlorides derived from chlorination of 2,2,4-trimethylpentane are primary 


chlorides: 
CH єн, 
CICH,CCH,CHCH, CH,CCH,CHCH,Cl 
CH, CH, CH, CH, 
1-Chloro-2,2,4-trimethylpentane 1-Chloro-2,4,4-trimethylpentane 


The two remaining isomers are a secondary chloride and a tertiary chloride: 


CH, CH, Cl 
сн, cHCHCH, CH,CCH,CCH, 
CH, Cl CH, CH, CH, 
3-Chloro-2,2,4-trimethylpentane 2-Chloro-2,4,4-trimethylpentane 


(b) Substitution of any one of the nine hydrogens designated as x in the structural diagram yields 
1-chloro-2,2,4-trimethylpentane. Substitution of any one of the six hydrogens designated as y 
gives 1-chloro-2,4,4-trimethylpentane. 


js 
єн еннен. 
CH, СН, 
Р * y 


Assuming equal reactivity of a single x hydrogen and a single y hydrogen, the ratio of the two 
isomers is then expected to be 9:6. Since together the two primary chlorides total 65% of the 
monochloride fraction, there will be 39% 1-chloro-2,2,4-trimethylpentane (substitution of x) 
and 26% 1-chloro-2,4,4-trimethylpentane (substitution of y). 


4.43 The three monochlorides are shown in the equation 


CH,CH,CH,CH,CH, —-== CH,CH,CH,CH,CH,CI + CH,CHCH,CH,CH, + CH,CH,CHCH,CH, 


light | | 
С1 Cl 


Pentane 1-Chloropentane 2-Chloropentane 3-Chloropentane 


Pentane has six primary hydrogens (two CH, groups) and six secondary hydrogens (three CH, 
groups). Since a single secondary hydrogen is abstracted three times faster than a single primary 
hydrogen and there are equal numbers of secondary and primary hydrogens, the product mixture 
should contain three times as much of the secondary chloride isomers as the primary chloride. The 
primary chloride 1-chloropentane, therefore, is expected to constitute 25% of the product mixture. 
The secondary chlorides 2-chloropentane and 3-chloropentane are not formed in equal amounts. 
Rather, 2-chloropentane may be formed by replacement of a hydrogen at C-2 or at C-4, whereas 
3-chloropentane is formed only when a C-3 hydrogen is replaced. The amount of 2-chloropentane is 
therefore 50%, and that of 3-chloropentane is 25%. We predict the major product to be 2-chloropen- 
tane, and the predicted proportion of 50% corresponds closely to the observed 46%. 
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4.44 The equation for the reaction is 


H H 
DX. = ch [X + на 
H Cl 
Cyclopropane Chlorine Cyclopropyl chloride Hydrogen chloride 


The reaction begins with the initiation step in which a chlorine molecule dissociates to two chlorine 


atoms. 
e s CI + С: 
Chlorine 2 Chlorine atoms 


A chlorine atom abstracts a hydrogen atom from cyclopropane in the first propagation step. 


OS: Зе 7 ü 
[XC — ов с=== [Бен ис 
H 
Cyclopropane Chlorine atom Cyclopropylradical ^ Hydrogen chloride 


Cyclopropyl radical reacts with Cl, in the next propagation step. 


Dou ww pu 


н + а: „о + Ch 
U CI: 
Cyclopropyl radical Chlorine Cyclopropyl chloride Chlorine atom 


4.45 (а)  Acid-catalyzed hydrogen-deuterium exchange takes place by a pair of Brgnsted acid-base 
reactions. 


D 


d © + |. Ys 
R—O—H + DOD» R—O—H + Б.О: 


Base Acid Conjugate Conjugate 
acid base 
D H 
MS i n 
кон + :OD, R—O—D + D—O—D 
Acid Base Conjugate Conjugate 


base acid 


(b)  Base-catalyzed hydrogen-deuterium exchange occurs by a different pair of Bronsted 
acid—base equilibria. 


A fh ges i 
К ОН + :OD R—O: + DOH 
Acid Base Conjugate Conjugate 
base acid 
PLE .. .. oo 
R—Or + D--ÓD R—O—D + DO: 


Base Acid Conjugate Conjugate 
acid base 
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SELF-TEST 


PART A 


А-1. 


А-2. 


А-3. 


А-4. 
А-5. 


А-6. 


А-7. 


А-8. 


А-9. 


А-10. 


А-11. 


ALCOHOLS AND ALKYL HALIDES 


Give the correct substitutive IUPAC name for each of the following compounds: 


oH 
(a) (b CH,CH,CHCH,CHCH, 


CH, 


| 
Br CH,CH, 


Draw the structures of the following substances: 


(a) 
(b) 


2-Chloro- 1-iodo-2-methylheptane 
cis-3-Isopropylcyclohexanol 


Give both a functional class and a substitutive IUPAC name for each of the following 
compounds: 


(a) 


What are the structures of the conjugate acid and the conjugate base of CHOH? 


Supply the missing component for each of the following reactions: 


(a) 


(5) 


(b) 


(a) 


(b) 
(c) 


SOCI, 
CH,CH,CH,OH 

ia 
? HBr CH,CH,C(CH,), 


Write the products of the acid-base reaction that follows, and identify the stronger acid 
and base and the conjugate of each. Will the equilibrium lie to the left (K < 1) or to the 
right (K > 1)? The approximate pK, of NH, is 36; that of CH,CH,OH is 16. 


CH,CH,O- + NH, 


Draw a representation of the transition state of the elementary step of the reaction in 
part (a). 

How many different free radicals can possibly be produced in the reaction between 
chlorine atoms and 2,4-dimethylpentane? 


Write their structures. 
Which is the most stable? Which is the least stable? 


Write a balanced chemical equation for the reaction of chlorine with the pentane isomer that 
gives only one product on monochlorination. 


Write the propagation steps for the light-initiated reaction of bromine with methylcyclo- 
hexane. 


Using the data in Table B-1 of this Study Guide, calculate the heat of reaction (AH?) for 
the light-initiated reaction of bromine (Br,) with 2-methylpropane to give 2-bromo-2- 
methylpropane and hydrogen bromide. 


(a) 
(b) 


Write out each of the elementary steps in the reaction of tert-butyl alcohol with 
hydrogen bromide. Use curved arrows to show electron movement in each step. 
Draw the structure of the transition state representing the unimolecular dissociation of 
the alkyloxonium ion in the preceding reaction. 
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(c) How does the mechanism of the reaction between 1-butanol and hydrogen bromide 
differ from the reaction in part (a)? 


. (Choose the correct response for each part.) Which species or compound: 


(a) Reacts faster with sodium bromide and sulfuric acid? 
2-methyl-3-pentanol or 3-methyl-3-pentanol 

(b) Isa stronger base? 

KOC(CH;), or HOC(CH,), 
(c) Reacts more vigorously with cyclohexane? 

Fluorine or iodine 

(d) Has an odd number of electrons? 

Ethoxide ion or ethyl radical 


(e) Undergoes bond cleavage in the initiation step in the reaction by which methane is 
converted to chloromethane? 


CH, or Cl, 


PART B 


B-1. 


B-2. 


A certain alcohol has the functional class IUPAC name 1-ethyl-3-methylbutyl alcohol. 
What is its substitutive name? 

(a)  1-Ethyl-3-methyl-1-butanol (d) 2-Methyl-4-hexanol 

(b)  2-Methyl-1-hexanol (e) | 5-Methyl-3-hexanol 

(c) | 3-Methyl-1-hexanol 


Rank the following substances in order of increasing boiling point (lowest — highest): 


CH,CH,CH,CH,OH = (CHj,CHOCH,  (CHj4COH = (СНС 


1 2 3 4 
(а) 1<3<2<4 (©) 4<2<3<1 (е) 4«3«2«1 
(b 2<4<3<1 (d 2<3<1<4 


Which one of the following reacts with HBr at the fastest rate? 


т оз Of кае 
CH, 


OH OH 
(0) VAS (4) qu 


What is the decreasing stability order (most stable — least stable) of the following carbo- 


cations? 
У wes pe А 
AM aN + С) 
1 2, 3 4 5 
(a) 3>2>1>4>5 (с) 3>2=5>1=4 


(b) 1=4>2=5>3 (d 3>1=4>2=5 
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B-5. Rank the bond dissociation energies (BDEs) of the bonds indicated with the arrows from 
smallest to largest. 
H 
(a) 1<2<3 (а) 1<3<2 1 Ix 72 
(р) 3<2<1 (e) 3<1<2 "e 
(o) 2«3«1 HY 
3 
B-6. What are the chain-propagating steps in the free-radical chlorination of methane? 
1. Cl, 2Cl- 4. Н. + CL НСІ + CI: 
2. Cl + CH, сња + H: 5. СН, + Cl, сња + СІ: 
3. С! + CH, "СН, + на 6. :CH, + CH, CH, + СН, 
(a) 2,4 (5) 1,2 (c) 3,5 (d 1, 3,5 
(e) Acombination different from those listed 
B-7. Which of the following is least able to serve as a nucleophile in a chemical reaction? 
(а) Br (b) OH (c) NH, (d CH,* 

B-8.  Thiols are alcohol analogs in which the oxygen has been replaced by sulfur (e.g., CH4SH). 
Given the fact that the S—H bond is less polar than the O—H bond, which of the following 
statements comparing thiols and alcohols is correct? 

(a) Hydrogen bonding forces are weaker in thiols. 

(b) Hydrogen bonding forces are stronger in thiols. 

(c) Hydrogen bonding forces would be the same. 

(d) No comparison can be made without additional information. 

B-9. Rank the transition states that occur during the following reaction steps in order of increas- 
ing stability (least — most stable): 

+ 
1. CH,—OH, СН," + H,O 
2. (CH,),C—OH, (CH,),C* + H,O 
3. (СН)СН—ОН, (CHj,CH* + H,O 
(a) 1« 2«3 (b 2« 3«1 (с) 1« 3«2 (d) 2« 01«3 

B-10. Using the data from Appendix B (Table B-1), calculate the heat of reaction AH? for the 

following: 
CH,CH, + НВг CH,CH, + Br: 
(a) +69 kJ/mol (+16.5 kcal/mol) 
(b) —69 kJ/mol (— 16.5 kcal/mol) 
(c) +44 kJ/mol (+10.5 kcal/mol) 
(d) —44 kJ/mol (— 10.5 kcal/mol) 

B-11. An alkane with a molecular formula CH}; reacts with chlorine in the presence of light and 
heat to give four constitutionally isomeric monochlorides of molecular formula С,Н СТ. 
What is the most reasonable structure for the starting alkane? 

(a) CH,CH,CH,CH,CH,CH, (d) (CH44CCH;CH, 
(b (CH,),CHCH,CH,CH, (e) (CH,;),CHCH(CH;), 
(c) CH,CH(CH,CH,), 

B-12. The species shown in the box represents of the reaction between isopropyl alcohol 

and hydrogen bromide. 
5+ 5+ 
(a) the alkyloxonium ion intermediate (CH,),CH------- OH, 


(b) the transition state of the bimolecular proton transfer step 
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(c) the transition state of the capture of the carbocation by a nucleophile 
(d) the carbocation intermediate 
(e) the transition state of the unimolecular dissociation step 


For the remaining four questions, consider the following free-radical reaction: 


light 
+ X, = 


monohalogenation product 
B-13. Light is involved in which of the following reaction steps? 

(a) Initiation only 

(b) Propagation only 

(c) Termination only 

(d) Initiation and propagation 


B-14. Which of the following statements about the reaction is по! true? 
(a) Halogen atoms are consumed in the first propagation step. 
(b) Halogen atoms are regenerated in the second propagation step. 
(c) Hydrogen atoms are produced in the first propagation step. 
(d) Chain termination occurs when two radicals react with each other. 


B-15. How many monohalogenation products are possible. (Do not consider stereoisomers.) 
(a) 2 (b) 3 (с) 4 (4) 5 


B-16. Which halogen (X,) will give the best yield of a single monohalogenation product? 
(a) F, (b С, (c) Br, (d) L 
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STRUCTURE AND PREPARATION OF ALKENES: 
ELIMINATION REACTIONS 


SOLUTIONS TO TEXT PROBLEMS 


54 (b) 


(d) 


90 


Writing the structure in more detail, we see that the longest continuous chain contains four 
carbon atoms. 


CH, 
4 INE. 1 
M ee 
CH, 
The double bond is located at the end of the chain, and so the alkene is named as a derivative 
of 1-butene. Two methyl groups are substituents at C-3. The correct IUPAC name is 3,3- 
dimethyl-1-butene. 


Expanding the structural formula reveals the molecule to be a methyl-substituted derivative of 
hexene. 


1 2 3 4 5 6 
о 
CH, 


2-Methyl-2-hexene 


In compounds containing a double bond and a halogen, the double bond takes precedence in 
numbering the longest carbon chain. 


1 25 A 4 5 
Ce нен 
CI 


4-Chloro-1-pentene 


5.2 


5.3 


5.4 


5.5 
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(e) When a hydroxyl group is present in a compound containing a double bond, the hydroxyl 
takes precedence over the double bond in numbering the longest carbon chain. 


5 4 3 2:231 
S 
OH 


4-Penten-2-ol 


There are three sets of nonequivalent positions on a cyclopentene ring, identified as a, b, and c on 
the cyclopentene structure shown: 


Thus, there are three different monochloro-substituted derivatives of cyclopentene. The carbons that 
bear the double bond are numbered C-1 and C-2 in each isomer, and the other positions are num- 
bered in sequence in the direction that gives the chlorine-bearing carbon its lower locant. 


Cl 
CI 5 3 5 
1 2 1 
4 4 (га 
2 1 2 
3 5 3 
1-Chlorocyclopentene 3-Chlorocyclopentene 4-Chlorocyclopentene 


(b) The alkene is a derivative of 3-hexene regardless of whether the chain is numbered from 
left to right or from right to left. Number it in the direction that gives the lower number to the 


substituent. 
"v 
= 
4 2 


3-Ethyl-3-hexene 


6 


(c) There are only two sp?-hybridized carbons, the two connected by the double bond. АП other 
carbons (six) are sp*-hybridized. 
(d) There are three sp^—sp? с bonds and three sp?^—sp? с bonds. 


Consider first the C;H,, alkenes that have an unbranched carbon chain: 


аи к. 


1-Pentene cis-2-Pentene trans-2-Pentene 


There are three additional isomers. These have a four-carbon chain with a methyl substituent. 


Ac HK Ди 


2-Methyl-1-butene 2-Methyl-2-butene 3-Methyl-1-butene 


First, identify the constitution of 9-tricosene. Referring back to Table 2.4 in Section 2.8 of the text, 
we see that tricosane is the unbranched alkane containing 23 carbon atoms. 9-Tricosene, therefore, 
contains an unbranched chain of 23 carbons with a double bond between C-9 and C-10. Since the 
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problem specifies that the pheromone has the cis configuration, the first 8 carbons and the last 13 
must be on the same side of the С-9–С-10 double bond. 


ML ж; 
РА N 
H H 
cis-9-Tricosene 


5.6 (b) One of the carbons of the double bond bears a methyl group and a hydrogen; methyl is of 
higher rank than hydrogen. The other doubly bonded carbon bears the groups —-CH,CH,F 
and —-CH,CH,CH,CH,. At the first point of difference between these two, fluorine is of 
higher atomic number than carbon, and so —CH,CH.F is of higher precedence. 


Higher с Е Higher 
Lower Не NCH,CH,CH,CH, Lower 


Higher ranked substituents are on the same side of the double bond; the alkene has the Z con- 
figuration. 

(c) Опе of the carbons of the double bond bears a methyl group and a hydrogen; as we have seen, 
methyl is of higher rank. The other doubly bonded carbon bears —CH,CH,OH and —C(CH,),. 
Let's analyze these two groups to determine their order of precedence. 


—CH,CH,OH —C(CH,), 
—C(C,H,H) —C(C,C,C) 
Lower priority Higher priority 


We examine the atoms one by one at the point of attachment before proceeding down the 
chain. Therefore, —C(CH,), outranks —CH,CH,OH. 


Higher T и. Lower 


=C 
Lower H С(СН,),» Higher 


Higher ranked groups are on opposite sides; the configuration of the alkene is E. 
(d) The cyclopropyl ring is attached to the double bond by a carbon that bears the atoms (C, C, H) 
and is therefore of higher precedence than an ethyl group —-C(C, Н, H). 


Higher H Lower 
C= с^ 
/ N | 
Lower CH,CH, CH, Higher 


Higher ranked groups are on opposite sides; the configuration of the alkene is E. 


5.7 A trisubstituted alkene has three carbons directly attached to the doubly bonded carbons. There are 
three trisubstituted C,H,, isomers, two of which are stereoisomers. 


CH. АНН, CH. СН, CH. „CHCH, 
P T york ИХ 
сн; н H CH,CH, H CH, 


2-Methyl-2-pentene (E)-3-Methyl-2-pentene (Z)-3-Methyl-2-pentene 
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5.8 The most stable C,H, alkene has a tetrasubstituted double bond: 


сњ, „CH, 
JS 
CH; CH, 


2,3-Dimethyl-2-butene 


5.9 Apply the two general rules for alkene stability to rank these compounds. First, more highly substi- 
tuted double bonds are more stable than less substituted ones. Second, when two double bonds are 
similarly constituted, the trans stereoisomer is more stable than the cis. The predicted order of de- 
creasing stability is therefore: 


CH, „CH, СН, H CH, нң н CHCHCH, 
AES. ec Ee yore. P aps 
CH; H H CH,CH, H H H H 
2-Methyl-2-butene (E)-2-Pentene (Z)-2-Pentene 1-Pentene 
(trisubstituted): (disubstituted) (disubstituted) (monosubstituted): 
most stable least stable 


5.10 Begin by writing the structural formula corresponding to the IUPAC name given in the problem. A 
bond-line depiction is useful here. 


3,4-Di-tert-butyl-2,2,5,5-tetramethyl-3-hexene 


The alkene is extremely crowded and destabilized by van der Waals strain. Bulky tert-butyl groups 
are cis to one another on each side of the double bond. Highly strained compounds are often quite 
difficult to synthesize, and this alkene is a good example. 


5.11 Use the zigzag arrangement of bonds in the parent skeleton figure to place E and Z bonds as appro- 
priate for each part of the problem. From the sample solution to parts (a) and (5), the ring carbons 
have the higher priorities. Thus, an E double bond will have ring carbons arranged \ and a 


Z double bond N Jis 


1-H На 
(с) (е) 
DNH H2 4 
CH, CH, 


(Z)-3-Methylcyclodecene (Z)-5-Methylcyclodecene 
H 
2 
1 3 
(d) E 0 
4 
2 
1 
н CH, CH, 
(E)-3-Methylcyclodecene (E)-5-Methylcyclodecene 


5.12 Write out the structure of the alcohol, recognizing that the alkene is formed by loss of a hydrogen 
and a hydroxyl group from adjacent carbons. 
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(b,c) Both 1-propanol and 2-propanol give propene on acid-catalyzed dehydration. 


B a Ht H В a B 
CH,CH,CH,OH —~—> CH,CH=CH, m ннен, 
OH 
1-Propanol Propene 2-Propanol 


(d) Carbon-3 has no hydrogens in 2,3,3-trimethyl-2-butanol. Elimination can involve only the 
hydroxyl group at C-2 and a hydrogen at C-1. 


No hydrogens on this 8 carbon 


2,3,3-Trimethyl-2-butanol 2,3,3- Trimethyl-1-butene 


5.13 (b) Elimination can involve loss of a hydrogen from the methyl group or from C-2 of the ring in 
1-methylcyclohexanol. 


-H,O 
— > + 
1-Methylcyclohexanol Methylenecyclohexane 1-Methylcyclohexene 
(a disubstituted alkene; (a trisubstituted alkene; 
minor product) major product) 


According to the Zaitsev rule, the major alkene is the one corresponding to loss of a hydrogen 
from the alkyl group that has the smaller number of hydrogens. Thus hydrogen is removed 
from the methylene group in the ring rather than from the methyl group, and 1-methylcyclo- 
hexene is formed in greater amounts than methylenecyclohexane. 

(c) The two alkenes formed are as shown in the equation. 


OH 
H H 
Compound has a Compound has a 
trisubstituted tetrasubstituted 
double bond double bond; 


more stable 


The more highly substituted alkene is formed in greater amounts, as predicted by Zaitsev’s 
rule. 


5.14  2-Pentanol can undergo dehydration in two different directions, giving either 1-репіепе or 
2-pentene. 2-Pentene is formed as a mixture of the cis and trans stereoisomers. 


CH, Снн, CH, H 
CH,CHCH,CH,CH, а CH,=CHCH,CH,CH, + (С=С BE = 6 
OH H H H CH,CH, 


2-Pentanol 1-Pentene cis-2-Pentene trans-2-Pentene 
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5.15 (b) The site of positive charge in the carbocation is the carbon atom that bears the hydroxyl group 
in the starting alcohol. 
нс OH quis 


— + H,O 
1-Methylcyclohexanol 
Water may remove a proton from the methyl group, as shown in the following equation: 


H,Ö: HCH, CH, 


HOt + 


Methylenecyclohexane 
Loss of a proton from the ring gives the major product 1-methylcyclohexene. 


CH, CH, 


1-Methylcyclohexene 


(c) Loss of the hydroxyl group under conditions of acid catalysis yields a tertiary carbocation. 


Teu 


H,Ó: 


+ H,O* 


H 


Removal of the methine proton gives a tetrasubstituted alkene. 
+ 
a) = 
H QH, 


5.16 In writing mechanisms for acid-catalyzed dehydration of alcohols, begin with formation of the 
carbocation intermediate: 


CH, CH, 
OR + cR 
OH H 


2,2-Dimethylcyclohexanol 2,2-Dimethylcyclohexyl cation 
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This secondary carbocation can rearrange to a more stable tertiary carbocation by a methyl group 


shift. 
H 
ee CH, 
CH, 3 
) === 
CH, 
H H 
2,2-Dimethylcyclohexyl cation 1,2-Dimethylcyclohexyl cation 
(secondary) (tertiary) 


Loss of a proton from the 1,2-dimethylcyclohexyl cation intermediate yields 1,2-dimethylcyclo- 


hexene. 
CH, | CH, 
07 — + њо 
H ЗОН 
2 CH 
CH, 3 
1,2-Dimethylcyclohexyl cation 1,2-Dimethylcyclohexene 


5.17 (b) АП the hydrogens of tert-butyl chloride are equivalent. Loss of any of these hydrogens along 
with the chlorine substituent yields 2-methylpropene as the only alkene. 


os Н.С 
сносе ——— C—CH, 

ei H.C 
tert-Butyl chloride 2-Methylpropene 


(c) АП the В hydrogens of 3-bromo-3-ethylpentane are equivalent, so that B-elimination can give 
only 3-ethyl-2-pentene. 


B 
: CH,CH, CHCH, 
CH,CH,—C—Br CH,CH=C 
B СЊСН, CH,CH, 
3-Bromo-3-ethylpentane 3-Ethyl-2-pentene 


(d) There are two possible modes of B-elimination from 2-bromo-3-methylbutane. Elimination in 
one direction provides 3-methyl-1-butene; elimination in the other gives 2-methyl-2-butene. 


B B 
суноо CH,=CHCH(CH,), + CH;CH=C(CH;), 
Br 
2-Bromo-3-methylbutane 3-Methyl-1-butene 2-Methyl-2-butene 


(monosubstituted) (trisubstituted) 


The major product is the more highly substituted alkene, 2-methyl-2-butene. It is the more 
stable alkene and corresponds to removal of a hydrogen from the carbon that has the fewer 
hydrogens. 

(e)  Regioselectivity is not an issue here, because 3-methyl-1-butene is the only alkene that can be 
formed by B-elimination from 1-bromo-3-methylbutane. 


В 
BrCH,CH,CH(CH,), 


CH,—CHCH(CH,), 


1-Bromo-3-methylbutene 3-Methyl-1-butene 
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(f) Two alkenes may be formed here. The more highly substituted one is 1-methylcyclohexene, 
and this is predicted to be the major product in accordance with Zaitsev’s rule. 


B 
B B 
— 28 
1-Iodo-1-methylcyclohexane Methylenecyclohexane 1-Methylcyclohexene 
(disubstituted) (trisubstituted; 


major product) 


5.18 Elimination in 2-bromobutane can take place between C-1 and C-2 or between C-2 and C-3. There 
are three alkenes capable of being formed: 1-butene and the stereoisomers cis-2-butene and trans- 


2-butene. 
H H 
2 у нс Ch, о | 
CH,CHCH,CH, CH,—CHCH,CH, + с=с + с=с 
| М m 
Br H H H 3 
2-Bromobutane 1-Butene cis-2-Butene trans-2-Butene 


As predicted by Zaitsev’s rule, the most stable alkene predominates. The major product is trans- 
2-butene. 


5.19 An unshared electron pair of the base methoxide (CH4O ) abstracts a proton from carbon. The pair 
of electrons in this C—H bond becomes the 7r component of the double bond of the alkene. The pair 
of electrons in the C—Cl bond becomes an unshared electron pair of chloride ion. 


CHO: 
H CH, 
Es е T 
H T | CH, > CH,O—H + H,C=C(CH,), + :@: 
Hc? 


5.20 The most stable conformation of cis-A-tert-butylcyclohexyl bromide has the bromine substituent in 
an axial orientation. The hydrogen that is removed by the base is an axial proton at C-2. This 
hydrogen and the bromine are anti periplanar to each other in the most stable conformation. 


(Вг 


(СНС ^y 
H 
(CH,),C—O=~ 


5.21 (a) 1-Heptene is CH, —CH(CH,),CH, . 
(b)  3-Ethyl-2-pentene is CH,CH==C(CH,CH;), . 


(c)  cis-3-Octene is CHICH ~ „CLCH, CH,CH;, 
#57 
H H 
(d) trans-1,4-Dichloro-2-butene is оса M 
C=C 
/ N 
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(e) (Z)-3-Methyl-2-hexene is HE. ЄНәСН,СН, 
а 
Н CH, 
(f) (E)-3-Chloro-2-hexene is “ыл „ЕН2СН»СН» 
Pt 
H Cl 
(g) 1-Bromo-3-methylcyclohexene is Va 
Н.С 
(h)  1-Bromo-6-methylcyclohexene is CH, 
Br 
(i 4-Methyl-4-penten-2-ol is тв 
о etas fea 
OH 
(j) Vinylcycloheptane is = 
H 
(К) An allyl group is —CH,CH—CH.. 1,1-Diallylcyclopropane is / 
N 
Е 
(Г) Ап isopropenyl substituent is —-C==CH,. trans-1-Isopropenyl-3-methylcyclohexane is 
therefore 
CH3 
СН» 


5.22  Alkenes with tetrasubstituted double bonds have four alkyl groups attached to the doubly bonded 
carbons. There is only one alkene of molecular formula C;H,, that has a tetrasubstituted double 
bond, 2,3-dimethyl-2-pentene. 


N 
Н.С CH,CH, 
2,3-Dimethyl-2-pentene 


5.23 (a) The longest chain that includes the double bond in (CH,;CH,),C—CHCH, contains five 
carbon atoms, and so the parent alkene is a pentene. The numbering scheme that gives the 


double bond the lowest number is 
Ух 
H 


The compound is 3-ethyl-2-pentene. 
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(b) Write out the structure in detail, and identify the longest continuous chain that includes the 


double bond. 
2 6 
ЕАК Р „ССН, 
CH,CH/  CH,CH, 


The longest chain contains six carbon atoms, and the double bond is between C-3 and C-4. 
The compound is named as a derivative of 3-hexene. There are ethyl substituents at C-3 and 
C-4. The complete name is 3,4-diethyl-3-hexene. 

(c) Write out the structure completely. 


HC, 2 „СНз 
47 N2 1 „^1 
H,C оф 
H Cl 


The longest carbon chain contains four carbons. Number the chain so as to give the lowest 
numbers to the doubly bonded carbons, and list the substituents in alphabetical order. This 
compound is 1,1-dichloro-3,3-dimethyl-1-butene. 

(d) The longest chain has five carbon atoms, the double bond is at C-1, and there are two methyl 
substituents. The compound is 4,4-dimethyl-1-pentene. 


ee Y 


1 3 5 


(e) We number this trimethylcyclobutene derivative so as to provide the lowest number for the 
substituent at the first point of difference. We therefore number 


Н.С Н.С 
4 3 3 4 
ње Ei rather than uc ДЫ 
1 2 2 1 
H,C H,C 


The correct IUPAC name is 1,4,4-trimethylcyclobutene, not 2,3,3-trimethylcyclobutene. 
(f) The cyclohexane ring has a 1,2-cis arrangement of vinyl substituents. The compound is 
cis-1,2-divinylcyclohexane. 


(g) Name this compound as a derivative of cyclohexene. It is 1,2-divinylcyclohexene. 


qe 


524 (а) Goto the end of the name, because this tells you how many carbon atoms are present in the 
longest chain. In the hydrocarbon name 2,6,10,14-tetramethyl-2-pentadecene, the suffix 
“2-pentadecene” reveals that the longest continuous chain has 15 carbon atoms and that there 
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(b) 


(c) 


(d) 
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is a double bond between C-2 and C-3. The rest of the name provides the information that 
there are four methyl groups and that they are located at C-2, C-6, C-10, and C-14. 


pups eR А 


2,6,10,14-Tetramethyl-2-pentadecene 


An allyl group is CH;—CHCH.;- . Ally] isothiocyanate is therefore CHj,—CHCH;N—C- 5. 


The Е configuration means that the higher priority groups are on opposite sides of the double 
bond. 


Higher СН.СН, Н Lower 
N 
om 
Lower H CH,CH,CH,CH,CH,OH Higher 
(E)-6-Nonen-1-ol 
Geraniol has two double bonds, but only one of them, the one between C-2 and C-3, is capa- 
ble of stereochemical variation. Of the groups at C-2, CH,OH is of higher priority than H. At 


C-3, CH,CH, outranks СН». Higher priority groups are on opposite sides of the double bond 
in the E isomer; hence geraniol has the structure shown. 


CH,),C—=CHCH,CH H 
( 32 2 EN PA 
2 = У 
H,C CH,OH 
Geraniol 


Since nerol is a stereoisomer of geraniol, it has the same constitution and differs from gera- 
niol only in having the Z configuration of the double bond. 


CH4),C—CHCH,CH CH,OH 
( 27 2 AN VA 2 


К ЖЫЙ 
Н.С H 


Nerol 


Beginning at the C-6, C-7 double bond, we see that the propyl group is of higher priority than 
the methyl group at C-7. Since the C-6, C-7 double bond is Е, the propyl group must be on the 
opposite side of the higher priority group at C-6, where the CH, fragment has a higher prior- 
ity than hydrogen. We therefore write for the stereochemistry of the C-6, C-7 double bond as: 


1 9 8 
Higher CH,CH,,CH, H Lower 
NL 6/7 
Босс E 
Lower H,C CH,— Higher 
E 


At C-2, CH,OH is of higher priority than H; and at C-3, CH,CH,C— is of higher priority than 
СН.СН.. The double-bond configuration at C-2 is Z. Therefore 


65 4 1 
Higher —CCH,CH CH,OH Higher 


Lower CH,CH, H Lower 
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Combining the two partial structures, we obtain for the full structure of the codling moth’s sex 


pheromone 
CH,CH,CH, H 
| b 
EOS 
Н.С CHCH, НОН 
vé N 
CH,CH, H 


The compound is (2Z,6E)-3-ethyl-7-methyl-2,6-decadien-1-ol. 
(e) The sex pheromone of the honeybee is (E)-9-oxo-2-decenoic acid, with the structure 


| 
Higher CH;C(CH;,CH H Lower 
3 ( 24 EN P 


Lower ii ^c О.Н Higher 


(f) Looking first at the C-2, C-3 double bond of the cecropia moth’s growth hormone 


CHCH, CH,CH, CH, 
У СОСН 
Н.С 0 Tw 6 “у = 
Н Н 
we find that its configuration is E, since the higher priority groups аге on opposite sides of ће 
double bond. 
Lower Н.С СО, CH, Higher 
\3 2/7 
EE. 
Higher —CH,CH, H Lower 


The configuration of the C-6, C-7 double bond is also E. 


5 4 

Lower УН Я Я СНС Higher 
10 9 VA = С 

Higher C—CH,CH; H Lower 


5.26 We haven't covered, and won't cover, how to calculate the size of a dipole moment, but we can de- 
cide whether a compound has a dipole moment or not. Only compound B has dipole moment. The 
individual bond dipoles in A, C, and D cancel; therefore, none of these three has a dipole moment. 


H, ШЕ и Н, кыч ДЕР E m c © ш a 
H, ТЕ on Cl Ye ш H,C 2 4 T E Ха 


А (к= 0D) В (has a dipole moment) C(u=0D) D(u =0D) 


5.27 Тһе alkenes are listed as follows in order of decreasing heat of combustion: 


(e) 2,4,4-Trimethyl-2-pentene; 5293 kJ/mol (1264.9 kcal/mol). Highest 
к, heat of combustion because it is СУН; all others аге C,H,,. 
(а) 2“. 1-Нерїепе; 4658 kJ/mol (1113.4 kcal/mol). Monosubstituted double 


bond; therefore least stable C;H,, isomer. 
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(d) 


(b) 


(c) 


528 (a) 


(b) 


(c) 


(d) 


(e) 
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H H (Z)-4,4-Dimethyl-2-pentene; 4650 kJ/mol (1111.4 kcal/mol). Disubsti- 
tuted double bond, but destabilized by van der Waals strain. 


2,4-Dimethyl-1-pentene; 4638 kJ/mol (1108.6 kcal/mol). Disubstituted 
double bond. 


2,4-Dimethyl-2-pentene; 4632 kJ/mol (1107.1 kcal/mol). Trisubstituted 
double bond. 


дар, 


1-Methylcyclohexene is more stable; it contains a trisubstituted double bond, whereas 
3-methylcyclohexene has only a disubstituted double bond. 


CH, CH, 
or more stable than ib 


1-Methylcyclohexene 3-Methylcyclohexene 


Both isopropenyl and allyl are three-carbon alkenyl groups: isopropenyl is Ceo ee allyl 


is CH,—CHCH,—. 
CH 
2 2 

Е [У снсн=сн, 
CH, 


Isopropenylcyclopentane Allylcyclopentane 


Isopropenylcyclopentane has a disubstituted double bond and so is predicted to be more sta- 
ble than allylcyclopentane, in which the double bond is monosubstituted. 

A double bond in a six-membered ring is less strained than a double bond in a four-membered 
ring; therefore bicyclo[4.2.0]oct-3-ene is more stable. 


|| more stable than Qu 


Bicyclo[4.2.0]oct-3-ene Bicyclo[4.2.0]oct-7-ene 


Cis double bonds are more stable than trans double bonds when the ring is smaller than 
11-membered. (Z)-Cyclononene has a cis double bond in a 9-membered ring, and is thus more 
stable than (E)-cyclononene. 


Ll more stable than oe: 


(Z)-Cyclononene (E)-Cyclononene 


Trans double bonds are more stable than cis when the ring is large. Here the rings are 18-mem- 
bered, so that (E)-cyclooctadecene is more stable than (Z)-cyclooctadecene. 


H 


jam 
jam 


more stable than 


(E)-Cyclooctadecene (Z)-Cyclooctadecene 


5.29 


5.30 


В В 
сона 


Вг 


2-Bromohexane 


B В 
CH,CH,CHCH,CH,CH, ——4 
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Carbon atoms that are involved in double bonds are sp?-hybridized, with ideal bond angles of 
120°. Incorporating an sp*-hybridized carbon into a three-membered ring leads to more angle 
strain than incorporation of an sp^-hybridized carbon. 1-Methylcyclopropene has two sp?- 
hybridized carbons in a three-membered ring and so has substantially more angle strain than 
methylenecyclopropane. 


(a) 


[>—cH, 


1-Methylcyclopropene 


[>=cH, 


Methylenecyclopropane 


The higher degree of substitution at the double bond in 1-methylcyclopropene is not sufficient 
to offset the increased angle strain, and so 1-methylcyclopropene is less stable than methyl- 
enecyclopropane. 

3-Methylcyclopropene has a disubstituted double bond and two sp?^-hybridized carbons in its 
three-membered ring. It is the least stable of the isomers. 


[> сн, 


3-Methylcyclopropene 


(b) 


In all parts of this exercise, write the structure of the alkyl halide in sufficient detail to identify the 
carbon that bears the halogen and the B-carbon atoms that bear at least one hydrogen. These are the 
carbons that become doubly bonded in the alkene product. 


(a) 


1-Bromohexane can give only 1-hexene under conditions of E2 elimination. 


base 
E2 


В 
BrCH,CH,CH,CH,CH,CH, CH,=CHCH,CH,CH,CH, 


1-Bromohexane 1-Hexene (only alkene) 


(b) 2-Bromohexane can give both 1-hexene and 2-hexene on dehydrobromination. The 2-hexene 
fraction is a mixture of cis and trans stereoisomers. 


H,C 


CH,CH,CH, Н.С H 
Ж \ 
CH,=CHCH,CH,CH,CH, + 


C=C + = 
pq C=C 
H H H 


base 
E2 ES 
CH,CH,CH, 


1-Hexene cis-2-Hexene trans-2-Hexene 


(c) 


Both a cis-trans pair of 2-hexenes and a cis-trans pair of 3-hexenes are capable of being 
formed from 3-bromohexane. 


HC, њени, ње н 
еб, = omc 

е H H H CH,CH,CH, 

E2 


cis-2-Hexene trans-2-Hexene 


| 
Br 


base 


Е? CH,CH, CH,CH,  CH,CH, H 
с=с^ + “с=с 
РА N 


/ 
н н н 


3-Вготоһехапе 


x 
CH,CH, 


cis-3-Hexene trans-3-Hexene 
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(d) Dehydrobromination of 2-bromo-2-methylpentane can involve one of the hydrogens of either 
a methyl group (C-1) or a methylene group (C-3). 


D Бе gos 

оине = CH, =C + (CH,;),C=CHCH,CH, 
m CH,CH,CH, 

2-Bromo-2-methylpentane 2-Methyl-1-pentene 2-Methyl-2-pentene 


Neither alkene is capable of existing in stereoisomeric forms, and so these two are the only 
products of E2 elimination. 

(e) 2-Bromo-3-methylpentane can undergo dehydrohalogenation by loss of a proton from either 
C-1 or C-3. Loss of a proton from C-1 gives 3-methyl-1-pentene. 


Ba CH, CH, 
S Ис base о 
be 
2-Bromo-3-methylpentane 3-Methyl-1-pentene 


Loss of a proton from C-3 gives a mixture of (E)- and (Z)-3-methyl-2-pentene. 


q Н.С CH, H,C CH,CH, 
CH,CHCHCH,CH, i Pd + з=: 
T H CH,CH, H CH, 
2-Bromo-3-methylpentane (E)-3-Methyl-2-pentene (Z)-3-Methyl-2-pentene 


(f) Three alkenes are possible from 3-bromo-2-methylpentane. Loss of the C-2 proton gives 
2-methyl-2-pentene. 


Вазе“ N 
[^ E2 =н. 
LM RU ы C =CHCH,CH; 
CH, Br CH; 
3-Bromo-2-methylpentane 2-Methyl-2-pentene 


Abstraction of a proton from C-4 can yield either (E)- or (Z)-4-methy]-2-pentene. 


"B 
CH,),CH H CH,),CH H 
8 Be Ии 
(CH;),CHCH--CHCH, C=C + C—C 
d | fo мы. у 
be H ; H H 
3-Bromo-2-methylpentane (E)-4-Methyl-2-pentene (Z)-4-Methyl-2-pentene 


(g) Proton abstraction from the C-3 methyl group of 3-bromo-3-methylpentane yields 2-ethyl- 


1-butene. 
И 
С P 
синнен; —Bo EN 
вр) CH,CH, CH,CH, 


3-Bromo-3-methylpentane 2-Ethyl-1-butene 
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Stereoisomeric 3-methyl-2-pentenes are formed by proton abstraction from C-2. 


Вазе N 
i (Hs И HC, Ch, HC, нен, 
CH,—CH—-CCH,CH, ae +. с=с 
С: H CH, CH, H CH, 
3-Bromo-3-methylpentane (E)-3-Methyl-2-pentene (Z)-3-Methyl-2-pentene 


(h) Only 3,3-dimethyl-1-butene may be formed under conditions of E2 elimination from 
3-bromo-2,2-dimethylbutane. 


CH, f ccm CH, 
сн—с—сн-Сен, Eo CH,—C—CH=CH, 

CH, bP CH, 
3-Bromo-2,2-dimethylbutane 3,3-Dimethyl-1-butene 


5.31 (а) The reaction that takes place with 1-bromo-3,3-dimethylbutane is an E2 elimination involving 
loss of the bromine at C-1 and abstraction of the proton at C-2 by the strong base potassium 
tert-butoxide, yielding a single alkene. 


(CH,);CO™ 
| 
(CH,),CCH-CH, zs = (снуссн=<н, 
X 
Br 
1-Bromo-3,3-dimethylbutane 3,3-Dimethyl-1-butene 


(b) Two alkenes are capable of being formed in this -elimination reaction. 


B 
yo C CH, CH, 
B В NaOCH,CH, 
H H ethanol ia 
70°C 
1-Methylcyclopentyl chloride Methylenecyclopentane 1-Methylcyclopentene 


The more highly substituted alkene is 1-methylcyclopentene; it is the major product of this 
reaction. According to Zaitsev's rule, the major alkene is formed by proton removal from the 
P carbon that has the fewest hydrogens. 

(c) — Acid-catalyzed dehydration of 3-methyl-3-pentanol can lead either to 2-ethyl-1-butene or to a 
mixture of (E)- and (Z)-3-methyl-2-pentene. 


B 
s Cin Н.С CH H.C CH,CH 
SO 
CH.CHCCH,CH, e 1 "Lc Е 
LN / ~ / N 
OH CH,CH;  CH,CH, H CH,CH, H CH, 
3-Methyl-3-pentanol 2-Ethyl-1-butene (E)-3-Methyl-2-pentene (Z)-3-Methyl-2-pentene 


The major product is a mixture of the trisubstituted alkenes, (Е)- and (Z)-3-methyl-2- 
pentene. Of these two stereoisomers the E isomer is slightly more stable and is expected to 
predominate. 
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(d)  Acid-catalyzed dehydration of 2,3-dimethyl-2-butanol can proceed in either of two directions. 


CH, CH, - 
B | H,PO, / em 
CH,—C—GHCH, —рре“ СНС + (CH,),C=C(CH,), 
Г -н0 CH(CH,), 
2,3-Dimethyl-2-butanol 2,3-Dimethyl-1-butene 2,3-Dimethyl-2-butene 
(disubstituted) (tetrasubstituted) 


The major alkene is the one with the more highly substituted double bond, 2,3-dimethyl-2- 
butene. Its formation corresponds to Zaitsev's rule in that a proton is lost from the В carbon 
that has the fewest hydrogens. 

(e) Only a single alkene is capable of being formed on E2 elimination from this alkyl iodide. 
Stereoisomeric alkenes are not possible, and because all the 8 hydrogens are equivalent, 
regioisomers cannot be formed either. 


I 
в | в NaOCH,CH, 
ena, Sr» (CHj;C—CHCH(CH,), 
70°C 
CH, CH, 
3-Iodo-2,4-dimethylpentane 2,4-Dimethyl-2-pentene 


(f) Despite the structural similarity of this alcohol to the alkyl halide in the preceding part of this 
problem, its dehydration is more complicated. The initially formed carbocation is secondary 
and can rearrange to a more stable tertiary carbocation by a hydride shift. 


OH H 
| H* Ix hydride + 
сны 5" CH,C—CHCHCH, “> си сне 
А s 
CH, CH, CH, CH, CH, CH, 
2,4-Dimethyl-3-pentanol Secondary carbocation Tertiary carbocation 
(less stable) (more stable) 


The tertiary carbocation, once formed, can give either 2,4-dimethyl-1-pentene or 
2,4-dimethyl-2-pentene by loss of a proton. 


n 
CH CCH,CHCH, H,C—CCH,CH(CH,), + (CH,),C=CHCH(CH,), 
CH, CH, CH, 
2,4-Dimethyl-1-pentene 2,4-Dimethyl-2-pentene 
(disubstituted) (trisubstituted) 


The proton is lost from the methylene group in preference to the methyl group. The major 
alkene is the more highly substituted one, 2,4-dimethyl-2-pentene. 


5.32 In all parts of this problem you need to reason backward from an alkene to an alkyl bromide of mo- 
lecular formula С.Н Вг that gives only the desired alkene under E2 elimination conditions. Recall 
that the carbon-carbon double bond is formed by loss of a proton from one of the carbons that be- 
comes doubly bonded and a bromine from the other. 


(a) Cycloheptene is the only alkene formed by an E2 elimination reaction of cycloheptyl bromide. 


base 
E2 


Cycloheptyl bromide Cycloheptene 
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(b) (Bromomethyl)cyclohexane is the correct answer. It gives methylenecyclohexane as the only 
alkene under E2 conditions. 


H ba с 
S "EE 
CH; Cbr 


(Bromomethyl)cyclohexane Methylenecyclohexane 


1-Bromo-1-methylcyclohexane is not correct. It gives a mixture of 1-methylcyclohexene and 
methylenecyclohexane on elimination. 


1-Bromo-1-methylcyclohexane Methylenecyclohexane 1-Methylcyclohexene 


(c) In order for 4-methylcyclohexene to be the only alkene, the starting alkyl bromide must be 
1-bromo-4-methylcyclohexane. Either the cis or the trans isomer may be used, although the 
cis will react more readily, as the more stable conformation (equatorial methyl) has an axial 


bromine. 
H H(CH,) 
H У 
CH,(H) 2 m {ус 
Br 
cis- or trans-1-Bromo-4-methylcyclohexane 4-Methylcyclohexene 


1-Bromo-3-methylcyclohexane is incorrect; its dehydrobromination yields a mixture of 3- 
methylcyclohexene and 4-methylcyclohexene. 


Br CH,(H) 
H(CH) =, Е + {У 
H 
H 
1-Bromo-3-methylcyclohexene 3-Methylcyclohexene 4-Methylcyclohexene 


(d) The bromine must be at C-2 in the starting alkyl bromide for a single alkene to be formed on 


E2 elimination. 
CH, base D 
2 
H CH, d CH, 


A 
Base: H D 
T 
2-Bromo-1,1-dimethylcyclopentane 3,3-Dimethylcyclopentene 


If the bromine substituent were at C-3, a mixture of 3,3-dimethyl- and 4,4-dimethylcyclopen- 
tene would be formed. 


CH, CH, CH, 
base $ 
CH, CH, CH, 


3-Bromo-1,1-dimethylcyclopentane 3,3-Dimethylcyclopentene 4,4-Dimethylcyclopentene 
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(e) The alkyl bromide must be primary in order for the desired alkene to be the only product of 


E2 elimination. 
[_})—снснв: = = | »-cu-cn, 


2-Cyclopentylethyl bromide Vinylcyclopentane 


If 1-cyclopentylethyl bromide were used, a mixture of regioisomeric alkenes would be 
formed, with the desired vinylcyclopentane being the minor component of the mixture. 


M > [УЕснси, + [У сн=сн, 


Вг 


1-Cyclopentylethyl bromide Ethylidenecyclopentane Vinylcyclopentane 
(major product) (minor product) 


(f) Either cis- or trans-1-bromo-3-isopropylcyclobutane would be appropriate here. 


H CH(CHj, CH(CH;), 
H base | 
———— 
H E2 
Br H 
cis- or trans-1-Bromo-3-isopropylcyclobutane 3-Isopropylcyclobutene 


(g) The desired alkene is the exclusive product formed on E2 elimination from 1-bromo-1-tert- 


butylcyclopropane. 
H 
H 
H E (С 3) 3 base 
=p № сс» 
Н Вг | 
Н 
1-Bromo- 1|-tert-butylcyclopropane 1-tert-Butylcyclopropene 


5.33 (a) Both 1-bromopropane and 2-bromopropane yield propene as the exclusive product of E2 


elimination. 
CH,CH,CHjBr ог оне I CH,CH=CH, 
Br 
1-Bromopropane 2-Bromopropane Propene 


(b) Isobutene is formed on dehydrobromination of either tert-butyl bromide or isobutyl bromide. 


base 
E2 


(CH,),CBr or (CH,),CHCH,Br (CH,),C=CH, 


tert-Butyl bromide Isobutyl bromide 2-Methylpropene 


(c) A tetrabromoalkane is required as the starting material to form a tribromoalkene under 
E2 elimination conditions. Either 1,1,2,2-tetrabromoethane or 1,1,1,2-tetrabromoethane is 


satisfactory. 
Br,CHCHBr, or BrCH,CBr, = BrCH=CBr, 


1,1,2,2-Tetrabromoethane 1,1,1,2-Tetrabromoethane 1,1,2-Tribromoethene 
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(d) The bromine substituent may be at either C-2 or C-3. 


Br H H 
H CH, CH, CH, 
? base г 
ог Вг =r ox 
H CH, CH, CH, 
2-Bromo-1,1-dimethylcyclobutane — 3-Bromo-1,1-dimethylcyclobutane 3,3-Dimethylcyclobutene 


5.34 (a) Тһе isomeric alkyl bromides having the molecular formula C;H Вг are: 


CH,CH,CH,CH,CH.Br ae a НЫН, EL EN ME 
Br Br 


1-Bromopentane 2-Bromopentane 3-Bromopentane 


CERET HOHP CH,CHCH,CH,Br сенен 
CH, CH, CH, Br 


1-Bromo-2-methylbutane 1-Bromo-3-methylbutane 2-Bromo-3-methylbutane 


| 
ен сн снн 
Сн, CH, 


2-Bromo-2-methylbutane 1-Bromo-2,2-dimethylpropane 


(b) The order of reactivity toward Е1 elimination parallels carbocation stability and is tertiary > 
secondary > primary. The tertiary bromide 2-bromo-2-methylbutane will undergo E1 elimi- 
nation at the fastest rate. 

(c) 1-Bromo-2,2-dimethylpropane has no hydrogens оп the В carbon and so cannot form ап 
alkene by an E2 process. 


| В carbon has no hydrogens 
M 
CH, 


The only available pathway is Е1 with rearrangement. 
(d) Only the primary bromides will give a single alkene on E2 elimination. 


CH,CH,CH,CH,CH)Br — — CH,CH,CH,CH=CH, 
1-Bromopentane 1-Pentene 
CCH НЕН — SPI m 
CH, CH, 
1-Bromo-2-methylbutane 2-Methyl-1-butene 
ОНИ So ОСЕ 
CH, CH, 


1-Bromo-3-methylbutane 3-Methyl-1-butene 
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(e) Elimination in 3-bromopentane will give the stereoisomers (£)- and (Z)-2-pentene. 
CH, CH, CH,CH, 
CH,CH,CHCH,CH, pase — go | 
Br CH,CH, 
3-Bromopentane (E)-2-Pentene (Z)-2-Pentene 
(f) Three alkenes can be formed from 2-bromopentane. 
CH,CH, CH, CH,CH, 
base = == 
ОЕ 2 CH,CH,CH,CH=CH, + + 
Вг CH, 
2-Bromopentane 1-Pentene (Z)-2-Pentene (E)-2-Pentene 
5.35 (а) The isomeric СНО alcohols are: 
CH,CH,CH,CH,CH,OH SROS H ES ELO ae a 
OH OH 
1-Pentanol 2-Pentanol 3-Pentanol 
НЫНЫН И ert ай а 
CH, CH, CH, OH 
2-Methyl-1-butanol 3-Methyl-1-butanol 3-Methyl-2-butanol 
| Тв 
Да ка 
CH, CH, 
2-Methyl-2-butanol 2,2-Dimethyl-1-propanol 
(b) The order of reactivity in alcohol dehydration parallels carbocation stability and is tertiary > 
secondary > primary. The only tertiary alcohol in the group is 2-methyl-2-butanol. It will 
dehydrate fastest. 
(c) Тһе most stable C;H,, carbocation is the tertiary carbocation. 
+ 
сав 
CH, 
1,1-Dimethylpropyl cation 
(d) Aproton may be lost from C-1 or C-3: 


НЕ сн, св, 
CH,CCH,CH, H,C=CCH,CH, + CH,C=CHCH, 


1,1-Dimethylpropyl 
cation 


2-Methyl-1-butene 
(minor alkene) 


2-Methyl-2-butene 
(major alkene) 
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(e) For the 1,1-dimethylpropyl cation to be formed by a process involving a hydride shift, the 
starting alcohol must have the same carbon skeleton as the 1,1-dimethylpropyl cation. 


H H 


| 
CH,CCH,CH, has same carbon skeleton as Toen and ме 


СН, CH, CH, OH 
H H 
| Ht E к + 
кше HO a Ont Ont CHEER 
CH, CH, CH, 
2-Methyl-1-butanol 
H H 
| H* |+ eb 
CH,C——CHCH, HEISE MEG S HCH, ай CH, | CH,CH, 
CH, OH CH, CH, 


3-Methyl-2-butanol 


Although the same carbon skeleton is necessary, it alone is not sufficient; the alcohol must 
also have its hydroxyl group on the carbon atom adjacent to the carbon that bears the migrat- 
ing hydrogen. Thus, 3-methyl-1-butanol cannot form a tertiary carbocation by a single hy- 
dride shift. It requires two sequential hydride shifts. 


H+ es +/ H ги + 
снуснснусн,он CH,CHCH CHT сн —Снсн, CH,CCH,CH, 
CH, CH, Н CH, CH, 


3-Methyl-1-butanol 


(f) 2,2-Dimethyl-1-propanol can yield a tertiary carbocation by a process involving a methyl 


shift. 
CH, CH, S 
| H+ CSN +. + 
сен CHE CH <) аа 
CH, CH, B CH, 


2,2-Dimethyl-1-propanol 


5.36 (a) Heating an alcohol in the presence of an acid catalyst (KHSO,) leads to dehydration with 
formation of an alkene. In this alcohol, elimination can occur in only one direction to give a 
mixture of cis and trans alkenes. 


Br Br 


KHSO, 
az — acm 


OH 


Cis-trans mixture 
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(b) Alkyl halides undergo E2 elimination on being heated with potassium tert-butoxide. 


KOC(CH,), 


(CHj,COH" 
heat 


ICH,CH(OCH,CH,), H,C=C(OCH,CH,), 


(c) The exclusive product of this reaction is 1,2-dimethylcyclohexene. 


H 
= CH 
CH; NaOCH,CH, 
—— 
Br CH,CH,OH 
e heat CH 
CH, 3 
1-Bromo-trans-1,2- 1,2-Dimethylcyclohexene 
dimethylcyclohexane (100%) 


(d) Elimination can occur only in one direction, to give the alkene shown. 


KOC(CH4 
(CH4,COH 
(СН,),ССІ hoat H,C=C 
CH, 


(e) The reaction is a conventional one of alcohol dehydration and proceeds as written in 76-78% 


yield. 
HO. CN CN 
KHSO, 
130-150°C 
CH,O (H20) CH,O 


(f) Dehydration of citric acid occurs, giving aconitic acid. 


OH 
| H,SO, 
HO,CCH,—C—CH,COH => HO,CCH—CCH,CO;H 
СОН COH 
Citric acid Aconitic acid 


(g) Sequential double dehydrohalogenation gives the diene. 


Н.С CH, HC, CH, H,C, CH, 


KOC(CH;); KOC(CH4), / 
DMSO DMSO 
CH, CH, 
Cl СІ 


Bornylene (83%) 
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(ћу This example has been reported in the chemical literature, and in spite of the complexity of the 
starting material, elimination proceeds in the usual way. 


| Б 


О О 
KOC(CH,), \ 
Br р DMSO N 
О О 
б б 
ue Nd 
(8496) 


(i) Again, we have a fairly complicated substrate, but notice that it is well disposed toward E2 
elimination of the axial bromine. 


CH,OCH, 
CH,OCH, 
CH,O Е CUN С 
СНО heat 3 и 
СНО 
Вг СНО OCH, 


(j) Inthe most stable conformation of this compound, chlorine occupies an axial site, and so it is 
ideally situated to undergo an E2 elimination reaction by way of an anti arrangement in the 
transition state. 


T CH, CH, 
NaOCH, 
а Еа CHOH * 
C(CH;), C(CH;), 
4-tert-Butyl- 4-tert-Butyl- 


1-methylcyclohexene (95%) (methylene)cyclohexane (5%) 


The minor product is the less highly substituted isomer, in which the double bond is exocyclic 
to the ring. 


5.37 First identify the base as the amide ion (НМ) portion of potassium amide (KNH,). Amide ion is a 
strong base and uses an unshared electron pair to abstract a proton from В carbon of the alkyl halide. 
The pair of electrons in the C—H bond becomes the 7r component of the double bond as the C—Br 
bond breaks. The electrons in the C—Br bond become an unshared electron pair of bromide ion. 


НАУМ 
H 


| 
(CH,CH),C--CH, 
n 
:Вг: 


H,N—H + (CH,CH,),C=CH, + :Br:- 


5.38 Тһе problem states that the reaction is first order іп (CH4)4CCI (tert-butyl chloride) and first order in 
NaSCH,CH, (sodium ethanethiolate). It therefore exhibits the kinetic behavior (overall second 
order) of a reaction that proceeds by the E2 mechanism. The base that abstracts the proton from car- 
bon is the anion CH;CH,S . 


снн. ү 


H—C2 C—CH, > CH,CH,S—H + H,C=C(CH,), + :С]г 


114 


5.39 


5.40 
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The two starting materials are stereoisomers of each other, and so it is reasonable to begin by ex- 
amining each one in more stereochemical detail. First, write the most stable conformation of each 
isomer, keeping in mind that isopropyl is the bulkiest of the three substituents and has the greatest 
preference for an equatorial orientation. 


H 


CH(CH,), H 
CH(CH,), 
H,C CI 


Н.С Cl H 


Menthyl chloride Most stable conformation of menthyl chloride: 
none of the three В protons is anti to chlorine 


H 


,CH(CHj), H 
CH(CH,), 
Ж, Н.С 
Н.С а 


а 


Neomenthyl chloride Most stable conformation of neomenthyl chloride: 
each В carbon has a proton that is anti to chlorine 


The anti periplanar relationship of halide and proton can be achieved only when the chlorine is axial; 
this corresponds to the most stable conformation of neomenthyl chloride. Menthyl chloride, on the 
other hand, must undergo appreciable distortion of its ring to achieve an anti periplanar 
Cl—C—-C—H geometry. Strain increases substantially in going to the transition state for E2 elim- 
ination in menthyl chloride but not in neomenthyl chloride. Neomenthyl chloride undergoes E2 
elimination at the faster rate. 


The proton that is removed by the base must be anti to bromine. Thus, the alkyl groups must be 
gauche to one another in the conformation that leads to cis-4-nonene and anti to one another in the 
one that leads to trans-A-nonene. 


CH,CH,—6:"" 
н H 


— 


H CH,CH,CH,CH, oo )—с©нуснусн, 
H 


H CH,CH,CH, H 


Br 


КОСН,СН,СН, 


" CH,CH,CH,CH, 


Gauche conformation of 5-bromononane E2 transition state cis-4-Nonene 


CH,CH,CH,CH, 


H 


H 
H 


CH,CH,CH, 
Br 


Anti conformation of 5-bromononane 


CH,CH,—6?"" 
| 2 
ME -— EI 
Н У `СН,СН,СН, сиве 
Br’ H 


E2 transition state trans-4-Nonene 
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The alkyl groups move closer together (уап der Waals strain increases) as the transition state for for- 
mation of cis-4-nonene is approached. No comparable increase in strain is involved in going to the 
transition state for formation of the trans isomer. 


Begin by writing chemical equations for the processes specified in the problem. First consider re- 
arrangement by way of a hydride shift: 


H 
| /H ;" 
сн,с 6н, Сё CH,CCH, + :0% 
| “н | “нң 
CH, CH, 


Isobutyloxonium ion Tertiary cation Water 


Rearrangement by way of a methyl group shift is as follows: 


H H " H 
| Cx | и 
CH,C—CH,~-0: > CH,CCH,CH, + :0: 
[^ У + \ 
CH, H H 
Isobutyloxonium ion Secondary cation Water 


A hydride shift gives a tertiary carbocation; a methyl migration gives a secondary carbocation. It is 
reasonable to expect that rearrangement will occur so as to produce the more stable of these two car- 
bocations because the transition state has carbocation character at the carbon that bears the migrat- 
ing group. We predict that rearrangement proceeds by a hydride shift rather than a methyl shift, since 
the group that remains behind in this process stabilizes the carbocation better. 


Rearrangement proceeds by migration of a hydrogen or an alkyl group from the carbon atom adja- 
cent to the positively charged carbon. 


(а) A propyl cation is primary and rearranges to an isopropyl cation, which is secondary, by mi- 
gration of a hydrogen with its pair of electrons. 


| 

M . 

CH,CH—CH, CH,CHCH, 
Propyl cation Isopropyl cation 

(primary, less stable) (secondary, more stable) 


(b) A hydride shift transforms the secondary carbocation to a tertiary one. 


^w + 
DE — ннн, 


CH, CH, 
1,2-Dimethylpropyl cation 1,1-Dimethylpropyl cation 
(secondary, less stable) (tertiary, more stable) 


This hydride shift occurs in preference to methyl migration, which would produce the same 
secondary carbocation. (Verify this by writing appropriate structural formulas.) 
(c) Migration of a methyl group converts this secondary carbocation to a tertiary one. 


CH, CH, 
CH,C—CHCH, | —— . CHjÓC—CHCH, 
CH, ШЕ 
1,2,2-Trimethylpropyl cation 1,1,2-Trimethylpropyl cation 


(secondary, less stable) (tertiary, more stable) 
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(d) The group that shifts in this case is the entire ethyl group. 


CH,CH, 
~Ne + 
CH,CH CH, CH,CH,C—CH,CH,CH, 
CH,CH, CH,CH, 
2,2-Diethylbutyl cation 1,1-Diethylbutyl cation 
(primary, less stable) (tertiary, more stable) 


(e) Migration of a hydride from the ring carbon that bears the methyl group produces a tertiary 


carbocation. 
sH 
OS — De 
CH, 


2-Methylcyclopentyl cation 1-Methylcyclopentyl cation 
(secondary, less stable) (tertiary, more stable) 


5.43 (a) Note that the starting material is an alcohol and that it is treated with an acid. The product is 
an alkene but its carbon skeleton is different from that of the starting alcohol. The reaction is 
one of alcohol dehydration accompanied by rearrangement at the carbocation stage. Begin by 
writing the step in which the alcohol is converted to a carbocation. 


C(CH,), 
OH C(CH,), 


The carbocation is tertiary and relatively stable. Migration of a methyl group from the tert-butyl 
substituent, however, converts it to an isomeric carbocation, which is also tertiary. 


= jn 
C* 
N 
| Де cH, CH, 
CH, CH, 


Loss of a proton from this carbocation gives the observed product. 


Cho cms cu, 
с 4 
Som X 

CH, CH,—H cH, CH, 


(b) Here also we have an alcohol dehydration reaction accompanied by rearrangement. The 
initially formed carbocation is secondary. 


H 
OH 
Н, 
-H,O 
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This cation can rearrange to a tertiary carbocation by an alkyl group shift. 


H 
| 


Loss of a proton from the tertiary carbocation gives the observed alkene. 


(c) The reaction begins as a normal alcohol dehydration in which the hydroxyl group is proto- 
nated by the acid catalyst and then loses water from the oxonium ion to give a carbocation. 


__KHSO, _ E +H 
H, сн 


4-Methylcamphenilol Secondary carbocation 


We see that the final product, 1-methylsantene, has a rearranged carbon skeleton corre- 
sponding to a methyl shift, and so we consider the rearrangement of the initially formed sec- 
ondary carbocation to a tertiary ion. 


Н э methyl shift H -H* CH 
/) CH, 
CH, CH; CH, CH, 
CH, CH, CH, 


Tertiary carbocation 1-Methylsantene 


Deprotonation of the tertiary carbocation yields 1-methylsantene. 


5.44 The secondary carbocation can, as we have seen, rearrange by a methyl shift (Problem 5.16). It can 
also rearrange by migration of one of the ring bonds. 


CH, | 


Secondary carbocation Tertiary carbocation 


The tertiary carbocation formed by this rearrangement can lose a proton to give the observed 
byproduct. 


Isopropylidenecyclopentane 
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5.45 Let's do both part (a) and part (b) together by reasoning mechanistically. The first step in any acid- 
catalyzed alcohol dehydration is proton transfer to the OH group. 


CH; CH; H 
| - HSO, | +/ 
CHLCHCH.CHCCH, OH > вер 
СН, СН, H 


But notice that because this alcohol does not have any hydrogens on its В carbon, it cannot dehy- 
drate directly. Any alkenes that are formed must arise by rearrangement processes. Consider, for 
example, migration of either of the two equivalent methyl groups at C-2. 


CH, H H 

ССМ +/ р А 
зараван ато CHOU CCC ОНОН; + ao 

CH, H CH, H 


The resulting carbocation can lose a proton in three different directions. 


+ 


CH,CH,CH,CH,CCH,CH, 
CH, 


RHC OT Cat + С + саа а 


CH, CH, CH, 
3-Methyl-3-heptene 2-Ethyl-1-hexene 3-Methyl-2-heptene 
(mixture of E and Z) (mixture of E and Z) 


The alkene mixture shown in the preceding equation constitutes part of the answer to part (b). None 
of the alkenes arising from methyl migration is 2-methyl-2-heptene, the answer to part (a), however. 

What other group can migrate? The other group attached to the В carbon is a butyl group. Con- 
sider its migration. 


CH, ЈЕ CH, D: 
+ 
CH,CH,CH,CH, С CH, s > *CCH,CH,CH,CH,CH, + x 
CH, H CH; H 


Loss of a proton from the carbocation gives the alkene in part (a). 


CH, CH, 
N -H+ \ 
*CCH,CH,CH,CH,CH, 2 C—CHCH,CH,CH,CH, 
сн; CH; 


2-Methyl-2-heptene 


A proton can also be lost from one of the methyl groups to give 2-methyl-1-heptene. This is the last 
alkene constituting the answer to part (5). 
Ө. BQ 
А АЊА ОН 2" ССН,СН,СН,СН,СН, 
CH, CH, 


2-Methyl-1-heptene 
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5.46 Only two alkanes have the molecular formula C,H,9: butane and isobutane (2-methylpropane)— 
both of which give two monochlorides on free-radical chlorination. However, dehydrochlorination 
of one of the monochlorides derived from butane yields a mixture of alkenes. 


KOC(CH,); 
MES E dual Н,С==СНСН,СН, + CH,CH—CHCH, 
sulfoxide 
Cl 
2-Chlorobutane 1-Butene 2-Butene (cis + trans) 


Both monochlorides derived from 2-methylpropane yield only 2-methylpropene under conditions of 
E2 elimination. 


KOC(CH,), o 
(CH,),CCI or (CH,),CHCH,Cl “оу” (CH),C=CH, 
sulfoxide 
tert-Butyl chloride Isobutyl chloride 2-Methylpropene 


Compound A is therefore 2-methylpropane, the two alkyl chlorides are tert-butyl chloride and 
isobutyl chloride, and alkene B is 2-methylpropene. 


5.47 The key to this problem is the fact that one of the alkyl chlorides of molecular formula C,H,,Cl 
does not undergo E2 elimination. It must therefore have a structure in which the carbon atom that 
is B to the chlorine bears no hydrogens. This C,H,,Cl isomer is 1-chloro-2,2-dimethylbutane. 


о 
CH, 


1-Chloro-2,2-dimethylbutane 
(cannot form an alkene) 


Identifying this monochloride derivative gives us the carbon skeleton. The starting alkane 
(compound A) must be 2,2-dimethylbutane. Its free-radical halogenation gives three different 


monochlorides: 
CH, CH, CH, CH, 
ситан, > списа T cienccn. + cien ence 
CH, CH, Cl CH, CH, 
2,2-Dimethylbutane 1-Chloro-2,2- 3-Chloro-2,2- 1-Chloro-3,3- 
(compound A) dimethylbutane dimethylbutane dimethylbutane 


Both 3-chloro-2,2-dimethylbutane and 1-chloro-3,3-dimethylbutane give only 3,3-dimethyl-1- 
butene on E2 elimination. 


CH, CH, CH, 
| | KOC(CH;), | 
сни ог сасе и а 
Cl CH, CH, CH, 
3-Chloro-2,2- 1-Chloro-3,3- 3,3-Dimethyl-1-butene 


dimethylbutane dimethylbutane (alkene B) 
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PART A 


А-1. 


А-2. 


А-3. 


А-7. 


А-8. 
А-9. 


А-10. 


Write the correct IUPAC name for each of the following: 


Br 
(a) (CH,);CCH=C(CH,), (c) | 
Br 


Each of the following is an incorrect name for an alkene. Write the structure and give the 
correct name for each. 

(a) 2-Ethyl-3-methy]-2-butene (c) 2,3-Dimethylcyclohexene 

(b) 2-Chloro-5-methyl-5-hexene (d) 2-Methyl-1-penten-4-o1 

(a) Write the structures of all the alkenes of molecular formula С-Н. 

(b) Which isomer is the most stable? 

(c) Which isomers are the least stable? 

(d) Which isomers can exist as a pair of stereoisomers? 


How many carbon atoms are sp^-hybridized in 2-methyl-2-pentene? How many are sp?- 
hybridized? How many ø bonds are of the sp^—sp? type? 


Write the structure, clearly indicating the stereochemistry, of each of the following: 
(a) | (Z)-4-Ethyl-3-methyl-3-heptene 

(b)  (E)-L,2-Dichloro-3-methyl-2-hexene 

(c) | (E)-3-Methyl-3-penten-1-ol 


Write structural formulas for two alkenes of molecular formula C;H,, that аге stereoisomers 
of each other and have a trisubstituted double bond. Give systematic names for each. 


Write structural formulas for the reactant or product(s) omitted from each of the following. 
If more than one product is formed, indicate the major one. 


H,SO, 
(a) Se ne == 
OH 
СІ CH, 
NaOCH 
(b) сой ? 
KOCH,CH, p S 
(c) 2 "CHCHoH" EN (only alkene formed) 
H;PO, 
(d) (CHj4,COH =. 7 
C(CH,), 


Write the structure of the СеН аВг isomer that is not capable of undergoing E2 elimination. 
Write a stepwise mechanism for the formation of 2-methyl-2-butene from the dehydration 
of 2-methyl-2-butanol is sulfuric acid. 


Draw the structures of all the alkenes, including stereoisomers, that can be formed from the 
E2 elimination of 3-bromo-2,3-dimethylpentane with sodium ethoxide (МаОСН,СН,) in 
ethanol. Which of these would you expect to be the major product? 
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А-11. 


А-12. 


А-13. 


Using curved arrows and perspective drawings (of chair cyclohexanes), explain the forma- 
tion of the indicated product from the following reaction: 


CH, CH, 
NaOCH, 
СЛ Cy 


Br 


Compare the relative rate of reaction of cis- and trans-1-chloro-3-isopropylcyclohexane 
with sodium methoxide in methanol by the E2 mechanism. 


Outline a mechanism for the following reaction: 


pee H,PO, 
OH > — + other alkenes 


heat 


. Compound A, on reaction with bromine in the presence of light, gave as the major product 


compound В (C,H, Br). Reaction of B with sodium ethoxide in ethanol gave 3-ethyl-4,4- 
dimethyl-2-pentene as the only alkene. Identify compounds A and B. 


PART B 


B-1. 


B-2. 


B-4. 


Which one of the alkenes shown below has the Z configuration of its double bond? 


| 
(a) (b) (c) (d) 


Carbon-carbon double bonds do not undergo rotation as do carbon-carbon single bonds. 

The reason is that 

(a) The double bond is much stronger and thus more difficult to rotate 

(b) Overlap of the sp? orbitals of the carbon-carbon c bond would be lost 

(c) Overlap of the p orbitals of the carbon-carbon 7 bond would be lost 

(d) The shorter bond length of the double bond makes it more difficult for the attached 
groups to pass one another 

(e) The statement is incorrect—Trotation around double bonds does occur. 


Rank the following substituent groups in order of decreasing priority according to the 
Cahn-Ingold-Prelog system: 
—CH(CH,), —CH,Br —CH,CH,Br 
1 2 3 


(ay 2>3>1_ (b 1>3>2 (с 3>1>2 (d 221723 


The heats of combustion for the four С.Н], isomers shown are (not necessarily in order): 
955.3, 953.6, 950.6, and 949.7 (all in kilocalories per mole). Which of these values is most 
likely the heat of combustion of isomer 1? 


ta^ M Ea 


(a) 955.3 kcal/mol (c) 950.6 kcal/mol 
(b) 953.6 kcal/mol (d) 949.7 kcal/mol 
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Referring to the structures in the previous question, what can be said about isomers 3 and 4? 
(a) 315 more stable by 1.7 kcal/mol. 
(b) 415 more stable by 1.7 kcal/mol. 
(c) 315 more stable by 3.0 kcal/mol. 
(d) 3is more stable by 0.9 kcal/mol. 


The structure of (E)-1-chloro-3-methyl-3-hexene is 


22 
(b) mod (d) None of these 


In the dehydrohalogenation of 2-bromobutane, which conformation leads to the formation of 
cis-2-butene? 


CH, CH, CH, CH, 
H CH, XX H H H,C H 
H Br Br H Br H H Br 
H H CH, H 
(a) (b) (c) (d) 


(e) None of these is the correct conformation. 


Which of the following alcohols would be most likely to undergo dehydration with re- 
arrangement by a process involving a methyl migration (methyl shift)? 


(b) ^^y он (d) pw 


Rank the following alcohols in order of decreasing reactivity (fastest — slowest) toward de- 
hydration with 85% H,PO,: 


OH OH 


| | 
(CH,),CHCH,CH,OH X (CHj,CCH,CH, (СН,),СНСНСН, 


1 2 3 


(ay 2>3>1 (b 1>3>2 (с 2>1>3 (d)1>2>3 


Consider the following reaction: 


>< ню, МА X ( 
heat 
OH 


Which response contains all the correct statements about this process and no incorrect ones? 
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B-11. 


B-12. 


B-13. 


B-14. 


Dehydration 

E2 mechanism 

Carbon skeleton migration 
Most stable carbocation forms 
Single-step reaction 


(a) 1,3 (b) 1,2,3 (c) 1,2,5 (d) 1,3,4 


поре 


Select the formula ог statement representing the major product(s) of the following reaction: 


Br 
KOCH,CH, 


/ 
HUP GCH, caon” 
Н.С CH;CH; 


н СН, CH, 


= | 
Јо (Ó сн,=снснснун, 


н CH;CH, 
(b) | (d) Both (a) and (b) form in approximately 
CH; CH, equal amounts. 


Which one of the following statements concerning E2 reactions of alkyl halides is true? 
(a) The rate of an E2 reaction depends only on the concentration of the alkyl halide. 
(b) The rate of an E2 reaction depends only on the concentration of the base. 

(c) The C—H bond and the C—X (X = halogen) bond are broken in the same step. 
(d) Alkyl chlorides generally react faster than alkyl bromides. 


Which alkyl halide undergoes E2 elimination at the fastest rate? 


Br 
(a) іу CCH: (c) LJ сен», 
Br 
Cl 
Cl 


What is the relationship between the pair of compounds shown? 


H,C — 
H,C — 


H H 
(a) Identical: superimposable without bond rotations 
(b)  Conformations 


(c)  Stereoisomers 
(d) Constitutional isomers 


. Which one of the following will give 2-methyl-1-butene as the only alkene on treatment with 


KOC(CH,), in dimethyl sulfoxide? 
(а) 1-Bromo-2-methylbutane (с) 2-Bromo-2-methylbutane 
(b) 2-Methyl-1-butanol (d) 2-Methyl-2-butanol 
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CHAPTER 6 


REACTIONS OF ALKENES: 
ADDITION REACTIONS 


SOLUTIONS TO TEXT PROBLEMS 
6.1 Catalytic hydrogenation converts an alkene to an alkane having the same carbon skeleton. Since 


2-methylbutane is the product of hydrogenation, all three alkenes must have a four-carbon chain 
with a one-carbon branch. The three alkenes are therefore: 


D MS 


2-Methyl-1-butene 


Ap Е Pw 
>< СО metal 


catalyst 
2-Methyl-2-butene 2-Methylbutane 


po 


3-Methyl-1-butene 


6.2 Themosthighly substituted double bond is the most stable and has the smallest heat of hydrogenation. 


Ao A A 


2-Methyl-2-butene: 2-Methyl-1-butene 3-Methyl-1-butene 
most stable (disubstituted) (monosubstituted) 
(trisubstituted) 
Heat of hydrogenation: 112 kJ/mol 118 kJ/mol 126 kJ/mol 
(26.7 kcal/mol) (28.2 kcal/mol) (30.2 kcal/mol) 
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6.3 (b) 
(c) 
(d) 
6.4 (b) 
(c) 


Begin by writing out the structure of the starting alkene. Identify the doubly bonded carbon 
that has the greater number of attached hydrogens; this is the one to which the proton of hy- 
drogen chloride adds. Chlorine adds to the carbon atom of the double bond that has the fewer 
attached hydrogens. 


Chlorine adds to Hydrogen adds to 
this carbon. this carbon. 
H,C H en 
N 2 HCl 
с=с tt. CH,CH,CCH, 
CH,CH; H el 
2-Methyl-1-butene 2-Chloro-2-methylbutane 


By applying Markovnikov's rule, we see that the major product is 2-chloro-2-methylbutane. 


Regioselectivity of addition is not an issue here, because the two carbons of the double bond 
are equivalent in cis-2-butene. Hydrogen chloride adds to cis-2-butene to give 2-chlorobutane. 


HIC. CH, 
с=с + на CH,CH,CHCH, 
PERS | 
H H Cl 
cis-2-Butene Hydrogen 2-Chlorobutane 


chloride 


One end of the double bond has no attached hydrogens, but the other end has one. In 
accordance with Markovnikov’s rule, the proton of hydrogen chloride adds to the carbon that 
already has one hydrogen. The product is 1-chloro-1-ethylcyclohexane. 


CH,CH, 
cucu Y + HCI В, 
cl 


Ethylidenecyclohexane Hydrogen 1-Chloro-1-ethylcyclohexane 
chloride 


A proton is transferred to the terminal carbon atom of 2-methyl-1-butene so as to produce a 
tertiary carbocation. 


HC, єн, 


у + HO fe. 2a 
CH,CH; H CH,CH; ‘н, 
2-Methyl-1-butene Hydrogen Tertiary carbocation Chloride 
chloride 


This is the carbocation that leads to the observed product, 2-chloro-2-methylbutane. 


A secondary carbocation is an intermediate in the reaction of cis-2-butene with hydrogen 
chloride. 


нс. (н; А HC 
C=C + нба )C—CH,CH, + сг 
H H H 
cis-2-Butene Hydrogen Secondary carbocation Chloride 
chloride 


Capture of this carbocation by chloride gives 2-chlorobutane. 
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(d) A tertiary carbocation is formed by protonation of the double bond. 


Qu Tertiary cation Chloride 


This carbocation is captured by chloride to give the observed product, l-chloro-1- 
ethylcyclohexane. 


6.5 Тһе carbocation formed by protonation of the double bond of 3,3-dimethyl-1-butene is secondary. 
Methyl migration can occur to give a more stable tertiary carbocation. 


e gh methyl |“ 
owe migration T 
со 5 Ше сн = eG НЫБ 
CH, CH, CH, 
3,3-Dimethyl-1-butene Secondary carbocation Tertiary carbocation 
om om 
CH, || CH, 
CH,C—CHCH, а 
CH, Cl CH, 
3-Chloro-2,2-dimethylbutane 2-Chloro-2,3-dimethylbutane 


The two chlorides are 3-chloro-2,2-dimethylbutane and 2-chloro-2,3-dimethylbutane. 


6.6 Тһе structure of allyl bromide (3-bromo-1-propene) is СН,==СНСН,Вг. Its reaction with hydrogen 
bromide in accordance with Markovnikov's rule proceeds by addition of a proton to the doubly 
bonded carbon that has the greater number of attached hydrogens. 


Addition according to Markovnikov's rule: 


СН,=СНСН,Вг + НВг Ба 
Вг 
Allyl bromide Hydrogen 1,2-Dibromopropane 


bromide 
Addition of hydrogen bromide opposite to Markovnikov’s rule leads to 1,3-dibromopropane. 


Addition contrary to Markovnikov’s rule: 


CH,=CHCH,Br + HBr BrCH,CH,CH,Br 


Allyl bromide Hydrogen 1,3-Dibromopropane 
bromide 
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6.7 (b) Hydrogen bromide adds to 2-methyl-1-butene in accordance with Markovnikov's rule when 
peroxides are absent. The product is 2-bromo-2-methylbutane. 


CH, H CH, 
Мы | 
C=C + HBr = саи 
CH,CH; H B: 
2-Methyl-1-butene Hydrogen 2-Bromo-2-methylbutane 
bromide 


The opposite regioselectivity is observed when peroxides are present. The product is 
1-bromo-2-methylbutane. 


CH, H CH; 
N "E / peroxides | 
pO EI RN ee GIRO CODE 
CH,CH; H Е 
2-Methyl-1-butene Hydrogen 1-Bromo-2-methylbutane 
bromide 


(c) Both ends of the double bond in cis-2-butene are equivalently substituted, so that the same 
product (2-bromobutane) is formed by hydrogen bromide addition regardless of whether the 
reaction is carried out in the presence of peroxides or in their absence. 


CH, s 
ATS + HBr а 
Н Н Br 
cis-2-Butene Hydrogen 2-Bromobutane 


bromide 


(d)  Atertiary bromide is formed on addition of hydrogen bromide to ethylidenecyclohexane in the 
absence of peroxides. 


CH,CH, 
cucu ) + HBr = x) 
Br 


Ethylidenecyclohexane Hydrogen 1-Bromo-1-ethylcyclohexane 
bromide 


The regioselectivity of addition is reversed in the presence of peroxides, and the product is 
(1-bromoethyl)cyclohexane. 


eroxides 
cucu ) + НВг R, cucu Y 


Ethylidenecyclohexane Hydrogen (1-Bromoethyl)cyclohexane 
bromide 


6.8 The first step is the addition of sulfuric acid to give cyclohexyl hydrogen sulfate. 


OSO,OH 
SNL LL 


Cyclohexene Cyclohexyl hydrogen sulfate 


128 


6.9 


6.10 


6.11 


6.12 
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The presence of hydroxide ion in the second step is incompatible with the medium in which the re- 
action is carried out. The reaction as shown in step 1 


1. (CH,),C=CH, + H,0* (CH,),C* + H,O 


is performed in acidic solution. There are, for all practical purposes, no hydroxide ions in aqueous 
acid, the strongest base present being water itself. It is quite important to pay attention to the species 
that are actually present in the reaction medium whenever you formulate a reaction mechanism. 


The more stable the carbocation, the faster it is formed. The more reactive alkene gives a tertiary 
carbocation in the rate-determining step. 


H, 
—cg, —= >< 


Tertiary carbocation 


be 


Protonation of [^— CH—CHCH, gives a secondary carbocation. 


The mechanism of electrophilic addition of hydrogen chloride to 2-methylpropene as outlined in 
text Section 6.6 proceeds through a carbocation intermediate. This mechanism is the reverse of the 
ЕІ elimination. The E2 mechanism is concerted—it does not involve an intermediate. 


(b) The carbon-carbon double bond is symmetrically substituted in cis-2-butene, and so the 
regioselectivity of hydroboration-oxidation is not an issue. Hydration of the double bond 
gives 2-butanol. 


HC, — CH, 
= 1. hydroboration 
у = 2. oxidation M ee 
Н Н OH 
cis-2-Butene 2.Butanol 


(c)  Hydroboration-oxidation of alkenes is a method that leads to hydration of the double bond 
with a regioselectivity opposite to Markovnikov's rule. 


1. hydroboration H 
CH, 2. oxidation 
CH,OH 
Methylenecyclobutane Cyclobutylmethanol 


(d)  Hydroboration-oxidation of cyclopentene gives cyclopentanol. 


1. hydroboration OH 
= 
2. oxidation 
Cyclopentene Cyclopentanol 


(е) When alkenes are converted to alcohols by hydroboration-oxidation, the hydroxyl group is 
introduced at the less substituted carbon of the double bond. 


CH,CH—C(CH,CH,, l9» — CH CHCH(CH;CH,), 


2. oxidation 


OH 
3-Ethyl-2-pentene 3-Ethyl-2-pentanol 
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(f) Тһе less substituted carbon of the double bond in 3-ethyl-1-pentene is at the end of the chain. 
It is this carbon that bears the hydroxyl group in the product of hydroboration-oxidation. 


H,C=CHCH(CH,CH,), NOME HOCH,CH,CH(CH,CH;), 
. oxidation 


3-Ethyl-1-pentene 3-Ethyl-1-pentanol 


6.13 The bottom face of the double bond of а-ршепе is less hindered than the top face. 


LBH 
2H,0,, H0 > 
a 


Сат occurs This i. comes 
from this direction. from B,H,. 


Methyl group —— 
shields top Bue 75 Н.С 


Syn addition of H and OH takes place and with а regioselectivity opposite to that of Markovnikov’s 
rule. 


6.14 Bromine adds anti to the double bond of 1-bromocyclohexene to give 1,1,2-tribromocyclohexane. 
The radioactive bromines (?Br) are vicinal and trans to each other. 


82Br 
Br ) 
Thee 
СХ + &Br—?Br — E 
82Br 
1-Bromocyclohexene Bromine 1,1,2-Tribromocyclohexane 


6.15 Alkyl substituents on the double bond increase the reactivity of the alkene toward addition of 


bromine. 
H 
ІГ 
Н Н 
Н 
2-Methyl-2-butene 2-Methyl-1-butene 3-Methyl-1-butene 
(trisubstituted double bond; most reactive) (disubstituted double bond) (monosubstituted double bond; least reactive) 


6.16 (b) Bromine becomes bonded to the less highly substituted carbon of the double bond, the 
hydroxyl group to the more highly substituted one. 


Br 
(CH,),C—=CHCH, ud OE 
| но 
2-Methyl-2-butene 3-Bromo-2-methyl-2-butanol 
(c) Br, 
(СН,)СНСН==<СН, — Ho * (CH4),CHCHCH,Br 
| би 


3-Methyl-1-butene 1-Bromo-3-methyl-2-butanol 
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(d) Anti addition occurs. 


CH, 
Br, ("OH 
HO —Вг 
B H 
1-Methylcyclopentene trans-2-Bromo- 


1-methylcyclopentanol 


6.17 The structure of disparlure is as shown. 


Its longest continuous chain contains 18 carbon atoms, and so it is named as an epoxy derivative of 
octadecane. Number the chain in the direction that gives the lowest number to the carbons that bear 
oxygen. Thus, disparlure is cis-2-methyl-7,8-epoxyoctadecane. 


6.18 — Disparlure can be prepared by epoxidation of the corresponding alkene. Cis alkenes yield cis epox- 
ides upon epoxidation. cis-2-Methyl-7-octadecene is therefore the alkene chosen to prepare dispar- 
lure by epoxidation. 


peroxy acid 
— ~ o 
S 2 


ü - Hn 


cis-2-Methyl-7-octadecene Disparlure 


6.19 Тһе products of ozonolysis are formaldehyde and 4,4-dimethyl-2-pentanone. 


a \CH,C(CH,); 


Formaldehyde 4,4-Dimethyl-2-pentanone 


The two carbons that were doubly bonded to each other in the alkene become the carbons that 
are doubly bonded to oxygen in the products of ozonolysis. Therefore, mentally remove the 
oxygens and connect these two carbons by a double bond to reveal the structure of the starting 
alkene. 


x N 
H CH,C(CH,), 
2,4,4-Trimethyl-1-pentene 


6.20 From the structural formula of the desired product, we see that it is a vicinal bromohydrin. Vicinal 
bromohydrins are made from alkenes by reaction with bromine in water. 


BrCH;C(CH,); is made from CH,—C(CH,), 


| 
OH 
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Since the starting material given is tert-butyl bromide, a practical synthesis is: 


NaOCH,CH, = Bry 
(CH,),CBr CH,CH,OH (CH,),C—=CH, HO а S aR 
heat OH 
tert-Butyl bromide 2-Methylpropene 1-Bromo-2-methyl-2-propanol 


Catalytic hydrogenation of the double bond converts 2,4,4-trimethyl-1-pentene and 2,4,4-trimethyl- 
2-pentene to 2,2,4-trimethylpentane. 


H CH, H,C H € 

к= ог к= 2" » (CH,),CHCH,C(CH,), 
H CH,C(CH,), H,C C(CH,), 

2,4,4- Trimethyl-1-pentene 2,4,4-Trimethyl-2-pentene 2,2,4- Trimethylpentane 


This problem illustrates the reactions of alkenes with various reagents and requires application of 
Markovnikov's rule to the addition of unsymmetrical electrophiles. 


(a) Addition of hydrogen chloride to 1-pentene will give 2-chloropentane. 


H,C—CHCH,CH,CH, + на! с ноен 
а 
1-Pentene 2-Chloropentane 


(b) Electrophilic addition of hydrogen bromide will give 2-bromopentane. 


H,C=CHCH,CH,CH, + HBr 


LGC ЕН 


Br 


2-Bromopentane 


(c) The presence of peroxides will cause free-radical addition of hydrogen bromide, and regiose- 
lective addition opposite to Markovnikov’s rule will be observed. 


H,C—CHCH,CH,CH, + НВг =,  BrCH,CH,CH,CH,CH, 


1-Bromopentane 


(d) Hydrogen iodide will add according to Markovnikov’s rule. 


H,C=CHCH,CH,CH, + НІ 


аи 
1 


2-Iodopentane 


(e) Dilute sulfuric acid will cause hydration of the double bond with regioselectivity in accord 
with Markovnikov’s rule. 


H,SO, 


H,C—CHCH,CH,CH, + HO + сна ен. 
OH 


2-Pentanol 
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(f) Hydroboration—oxidation of an alkene brings about hydration of the double bond opposite to 
Markovnikov’s rule; 1-pentanol will be the product. 


1. В.Н. 
H,C—CHCH,CH,CH, оное HOCH,CH,CH,CH,CH, 
1-Pentanol 


(e) Bromine adds across the double bond to give а vicinal dibromide. 


сс 


H,C=CHCH,CH,CH, + Br, BrCH,CHCH,CH,CH, 


Br 


1,2-Dibromopentane 


(h)  Vicinal bromohydrins are formed when bromine in water adds to alkenes. Br adds to the less 
substituted carbon, OH to the more substituted one. 


H,O 


H,C—CHCH,CH,CH, + Br, BrCH,CHCH,CH,CH, 


| 
OH 


1-Bromo-2-pentanol 


(i) | Epoxidation of the alkene occurs on treatment with peroxy acids. 


H,C=CHCH,CH,CH, + CH,CO,OH H,C~ CHCH,CH,CH, + CH,CO,H 


О 
1,2-Epoxypentane Acetic acid 
(j) Ozone reacts with alkenes to give ozonides. 
А Ok 
H,C—=CHCH,CH,CH, + О, rt Јо 
0—0 
Ozonide 


(k) | When the ozonide in part (7) is hydrolyzed in the presence of zinc, formaldehyde and butanal 


are formed. 
О О 
ENS н.о || || 
н ти а УП HCH + HCCH,CH,CH, 
O—O Formaldehyde Butanal 


When we compare the reactions of 2-methyl-2-butene with the analogous reactions of 1-pentene, we 
find that the reactions proceed in a similar manner. 


(a) (CHj;,C—CHCH, + НСІ CA OCH CH, 
Cl 
2-Methyl-2-butene 2-Chloro-2-methylbutane 
(b) (CHj,C—CHCH, + HBr CCH: 
Br 


2-Bromo-2-methylbutane 


peroxides 


(с) (CH,),C—=CHCH, + HBr —W—~> ae 
Br 


2-Bromo-3-methylbutane 
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(d) (CHj,C—CHCH, + HI Сон: 
1 


2-Iodo-2-methylbutane 


HSO, E 
(e) (CH,),C=CHCH, + H,O — СНОС 
OH 


2-Methyl-2-butanol 


1. В.Н, 
 XHO.HO " ees 


OH 
3-Methyl-2-butanol 


(f) (CHj,C—CHCH, 


Br 


ССІ, | 
(6) (CH,),C==CHCH,; + Br, ————> (CH,),CCHCH, 


Br 
2,3-Dibromo-2-methylbutane 


| 
(h) (CH,),C—CHCH, + Br, кы (CH,),CCHCH, 


| 
OH 


3-Bromo-2-methyl-2-butanol 


(i)  (CHj,C—CHCH, + CH,CO,OH (CH,),C~CHCH, + CH,CO,H 


О 
2-Methyl-2,3-epoxybutane 


HG (у. H 


(р (CHj,C—CHCH, + О, Н.С СН, 
0—O | 


Ozonide 
O 
|| 


Н.С О H 
но | 
(0 mc-X Жен, —22- CHCCH, + HCCH, 
0—0 


Acetone Acetaldehyde 


6.24 Cycloalkenes undergo the same kinds of reactions as do noncyclic alkenes. 


(a) CH, к 
CY ‘+на 
1-Methylcyclohexene 1-Chloro-1-methylcyclohexane 
(b) CH, 


or 


1-Bromo-1-methylcyclohexane 


CH, 
CY + HBr 
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(d) 


С) 
= 


© 
Q 
= 


ie : єн, 
(f) CH, 
(g) CH, 
(Л) CH, 
(i) i CH, 
(7) 
| CH, 
(k) CH, 
a 


+ HI 


1. В.Н, 


2. H,O,, HOT 
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3 CH, 
peroxides 
+ HBr > er 
Br 


1-Bromo-2-methylcyclohexane 
(mixture of cis and trans) 


CH, 


I 


1-Iodo-1-methylcyclohexane 


OH 


1-Methylcyclohexanol 


e 
Uu 
“OH 


trans-2-Methylcyclohexanol 


Br 


CCl, 
+ В ——— 


СЛ 
Вг 


CH, 


trans-1,2-Dibromo-1- 
methylcyclohexane 


+ CH,CO,OH 


+ 0, 


= 
Es 


trans-2-Bromo-1- 
methylcyclohexanol 


CH, 


— e + CH,CO,H 


1,2-Epoxy-1-methylcyclohexane 


Ozonide 


CH, 


| | 
CH,CCH,CH,CH,CH,CH 


6-Oxoheptanal 
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We need first to write out the structures in more detail to evaluate the substitution patterns at the 
double bonds. 


(a) 1-Pentene Monosubstituted 


(b)  (E)-4,4-Dimethyl-2-pentene trans-Disubstituted 


cis-Disubstituted 


(c) (Z)-4-Methyl-2-pentene 


(d) | (Z)-2.2,5,5- Tetramethyl-3-hexene Two tert-butyl groups cis 


(e) 2,4-Dimethyl-2-pentene Trisubstituted 


TER 


Compound d, having two cis tert-butyl groups, should have the least stable (highest energy) double 
bond. The remaining alkenes are arranged in order of increasing stability (decreasing heats of 
hydrogenation) according to the degree of substitution of the double bond: monosubstituted, cis- 
disubstituted, trans-disubstituted, trisubstituted. The heats of hydrogenation are therefore: 


(d) 20 151 kJ/mol (36.2 kcal/mol) 


PS 122 kJ/mol (29.3 kcal/mol) 
(c) 114 kJ/mol (27.3 kcal/mol) 


111 kJ/mol (26.5 kcal/mol) 


105 kJ/mol (25.1 kcal/mol) 


In all parts of this exercise we deduce the carbon skeleton on the basis of the alkane formed on 
hydrogenation of an alkene and then determine what carbon atoms may be connected by a double 
bond in that skeleton. Problems of this type are best done by using carbon skeleton formulas. 


(a) Product is 2,2,3,4,4-pentamethylpentane. The only possible alkene precursor is 


27 
(b) Product is 2,3-dimethylbutane. May be formed by hydrogenation of 
AL or AY 
(c) Product is methylcyclobutane. May be formed by hydrogenation of 


© Q- “ ©— + ©- 
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6.27 Hydrogenation of the alkenes shown will give a mixture of cis- and trans-1,4-dimethylcyclohexane. 


H 
or + Н.С СН. + НС"! —СН 
catalyst 3 3 3 3 
нс )- СН, cis-1,4-Dimethylcyclohexane trans-1,4-Dimethylcyclohexane 


Only when the methyl groups are cis in the starting alkene will the cis stereoisomer be the sole prod- 
uct following hydrogenation. Hydrogenation of cis-3,6-dimethylcyclohexane will yield exclusively 
cis-1,4-dimethylcyclohexane. 


H 
ien ie нон nm 


cis-3,6-Dimethylcyclohexene cis-1,4-Dimethylcyclohexane 


6.28 (a) The desired transformation is the conversion of an alkene to a vicinal dibromide. 


B 
CH,CH—C(CH,CH), аг» CH,CHC(CH,CH), 
Br Br 
3-Ethyl-2-pentene 2,3-Dibromo-3-ethylpentane 


(b) Markovnikov addition of hydrogen chloride is indicated. 


НСІ 


CH,CH=C(CH,CH,), CH,CH,C(CH,CH,), 


| 
Cl 


3-Chloro-3-ethylpentane 


(c)  Free-radical addition of hydrogen bromide opposite to Markovnikov’s rule will give the re- 
quired regiochemistry. 


HBr 
peroxides 


CH,CH—C(CH,CH,), сы нени 


Вг 


2-Bromo-3-ethylpentane 


(d)  Acid-catalyzed hydration will occur in accordance with Markovnikov's rule to yield the 
desired tertiary alcohol. 


H,O 
CH,CH—C(CH,CH), 35> чын гиси 
OH 


3-Ethyl-3-pentanol 


(e)  Hydroboration-oxidation results in hydration of alkenes with a regioselectivity opposite to 
that of Markovnikov's rule. 


1. В,Н, 
2. н.о, HO" и. 
ОН 
3-Ethyl-2-pentanol 


CH,CH—C(CH,CH,), 
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(f) Aperoxy acid will convert an alkene to an epoxide. 


CH, CH,CH, 
CH,CO,OH 
CH,CH=C(CH,CH,), ——— 


H O CH,CH, 
3-Ethyl-2,3-epoxypentane 
(e) Hydrogenation of alkenes converts them to alkanes. 


H, 


CH,CH=C(CH,CH;), = CH,CH,CH(CH,CH;), 


3-Ethylpentane 


6.29 (a) Four primary alcohols have the molecular formula С;Н,,0: 


is 
CH,CH,CH,CH,CH,OH CH,CH,CHCH,OH ~— (CH,),; CHCH,CH,OH (CH,),CCH,OH 
1-Pentanol 2-Methyl-1-butanol 3-Methyl-1-butanol 2,2-Dimethyl-1-propanol 


2,2-Dimethyl-1-propanol cannot be prepared by hydration of an alkene, because no alkene 
can have this carbon skeleton. 

(b) Hydroboration—oxidation of alkenes 15 the method of choice for converting terminal alkenes 
to primary alcohols. 


CH,CH,CH,CH=CH, зрео CH;CH,CH,CH;CH,OH 
1-Pentene 1-Pentanol 
CH,CH,C=CH, 5188-5” CH,CH,CHCH,OH 
бн, бн, 
2-Methyl-1-butene 2-Methyl-1-butanol 


1. ВН 


(CH4,CHCH-—CH, но, H0” (CH,),CHCH,CH,OH 


3-Methyl-1-butene 3-Methyl-1-butanol 


(с) The only tertiary alcohol is 2-methyl-2-butanol. It can be made by Markovnikov hydration of 
2-methyl-1-butene or of 2-methyl-2-butene. 


H,O, H,SO, 
к= сш ae ненен, 
CH, OH 
2-Methyl-1-butene 2-Methyl-2-butanol 
H,0, H,SO, 
(CH,),C=CHCH, ————» (CH), CH,CH, 
OH 
2-Methyl-2-butene 2-Methyl-2-butanol 


6.30 (a) Because the double bond is symmetrically substituted, the same addition product is formed 
under either ionic or free-radical conditions. Peroxides are absent, and so addition takes place 
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by an ionic mechanism to give 3-bromohexane. (It does not matter whether the starting mate- 
rial is cis- or trans-3-hexene; both give the same product.) 


no peroxides 


CH;CH»CH=CHCH,CH, + НВг > кинни 


Вг 
3-Нехепе Hydrogen 3-Bromohexane 
bromide (observed yield 76%) 


(b) In the presence of peroxides, hydrogen bromide adds with a regioselectivity opposite to that 
predicted by Markovnikov’s rule. The product is the corresponding primary bromide. 


HBr 
peroxides 


(CH,),CHCH,CH,CH,CH=CH, (CH,),CHCH,CH,CH,CH,CH,Br 


6-Methyl-1-heptene 1-Bromo-6-methylheptane 
(observed yield 9296) 


(c)  Hydroboration-oxidation of alkenes leads to hydration of the double bond with a regioselec- 
tivity contrary to Markovnikov's rule and without rearrangement of the carbon skeleton. 


/ C(CH3); 1. В.Н Toe 
H,C=C_ rno-mo* = HOCH,CHC(CH,), 
C(CH,), 
2-tert-Butyl-3,3-dimethyl-1-butene 2-tert-Butyl-3,3-dimethyl-1-butanol 
(observed yield 6596) 


(d)  Hydroboration-oxidation of alkenes leads to syn hydration of double bonds. 


CH 5 
3 LB, = СН, 
2.H,0, HO™ CH, 
CH 2. 
3 OH 
1,2-Dimethylcyclohexene cis-1,2-Dimethylcyclohexanol 
(observed yield 82%) 


(e)  Bromine adds across the double bond of alkenes to give vicinal dibromides. 


Br 
CHCI, | 
че= онн + Br, ——— г ааг 
CH, CH, 
2-Methyl-1-pentene 1,2-Dibromo-2-methylpentane 
(observed yield 60%) 


(f) In aqueous solution bromine reacts with alkenes to give bromohydrins. Bromine is the 
electrophile in this reaction and adds to the carbon that has the greater number of attached 


hydrogens. 
Br 
но | 
(CH,),C=CHCH, + Br, ———— (CH,),CCHCH, 
OH 
2-Methyl-2-butene Bromine 3-Bromo-2-methyl-2-butanol 


(observed yield 7796) 
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(e) Ап aqueous solution of chlorine will react with 1-methylcyclopentene by an anti addition. 
Chlorine is the electrophile and adds to the less substituted end of the double bond. 


H 
2 Cl 
[сн 25 oon 
— > 
3 H,O 
2 CH, 
1-Methylcyclopentene trans-2-Chloro-1- 
methylcyclopentanol 


| 
(h) Compounds of the type КСООН аге регоху acids and react with alkenes to give epoxides. 


[ 
(CHj,C—C(CH,, + CH,COOH 


| 
(снус—сксн), + CH,COH 
O 


2,3-Dimethyl-2-butene Peroxyacetic acid 2,3-Dimethyl-2,3-epoxybutane Acetic acid 
(observed yield 70-80%) 


(i) Тһе double bond is cleaved by ozonolysis. Each of the doubly bonded carbons becomes dou- 


bly bonded to oxygen in the product. 
О 
1.0, 
2. H,O 
О 


Cyclodecan-1,6-dione 
(observed yield 4596) 


6.31 The product is epoxide B. 


| 
о 
А В 


Major product; 
formed faster 


Epoxidation is an electrophilic addition; oxygen is transferred to the more electron-rich, more 
highly substituted double bond. A tetrasubstituted double bond reacts faster than a disubstituted one. 


6.32 (a) There is no direct, one-step transformation that moves a hydroxyl group from one carbon to 
another, and so it is not possible to convert 2-propanol to 1-propanol in a single reaction. 
Analyze the problem by reasoning backward. 1-Propanol is a primary alcohol. What reactions 
do we have available for the preparation of primary alcohols? One way is by the hydroboration- 
oxidation of terminal alkenes. 


hydroboration-oxidation 


CH,CH=CH, > CH,CH,CH,OH 


Propene 1-Propanol 
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The problem now becomes the preparation of propene from 2-propanol. The simplest way is 
by acid-catalyzed dehydration. 


H*, heat 


ERTEN, ———=— CH,CH=CH, 
OH 
2-Propanol Propene 


After analyzing the problem in terms of overall strategy, present the synthesis in detail show- 
ing the reagents required in each step. Thus, the answer is: 


H,SO, 1. BH, 


MENS Shear, 7 CH,CH=CH, 2. н.о, HO CH,CH,CH,OH 
OH 
2-Propanol Propene 1-Propanol 


We analyze this synthetic exercise in a manner similar to the preceding one. There is no direct 
way to move a bromine from C-2 in 2-bromopropane to C-1 in 1-bromopropane. We can, 
however, prepare 1-bromopropane from propene by free-radical addition of hydrogen bro- 
mide in the presence of peroxides. 


peroxides 


CH,CH—CH, + HBr CH,CH,CH,Br 


Propene Hydrogen 1-Bromopropane 
bromide 


We prepare propene from 2-bromopropane by dehydrohalogenation. 


CH НОЕ E CH,CH—CH, 
Br 
2-Bromopropane Propene 


Sodium ethoxide in ethanol is a suitable base-solvent system for this conversion. Sodium 
methoxide in methanol or potassium fert-butoxide in tert-butyl alcohol could also be used, as 
could potassium hydroxide in ethanol. 

Combining these two transformations gives the complete synthesis. 


NaOCH,CH, HBr 


= 
си amonia CH,CH=CH, —uuu. CH,CH,CH,Br 
Вг 
2-Вготоргорапе Ргорепе 1-Вготоргорапе 


Planning your strategy in a forward direction can lead to problems when the conversion of 
2-bromopropane to 1,2-dibromopropane is considered. There is a temptation to try to simply 
add the second bromine by free-radical halogenation. 


Bry, light and heat 


DEDE и Бо на 
Вг Вг 


2-Вготоргорапе 1,2-Dibromopropane 
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This is incorrect! There is no reason to believe that the second bromine will be introduced 
exclusively at C-1. In fact, the selectivity rules for bromination tell us that 2,2-dibromo- 
propane is the expected major product. 

The best approach is to reason backward. 1,2-Dibromopropane is a vicinal dibromide, and 
we prepare vicinal dibromides by adding elemental bromine to alkenes. 


CH,CH=CH, + Br, сы нош 
Вг 
Ргорепе Bromine 1,2-Dibromopropane 


As described in part (b), we prepare propene from 2-bromopropane by E2 elimination. The 
correct synthesis is therefore 


NaOCH,CH, Br, 
§—_ 
ин -"urcnon? “CHCH=CH, леш 
Вг Вг 
2-Bromopropane Propene 1,2-Dibromopropane 


(d) Do not attempt to reason forward and convert 2-propanol to 1-bromo-2-propanol by free- 
radical bromination. Reason backward! The desired compound is a vicinal bromohydrin, and 
vicinal bromohydrins are prepared by adding bromine to alkenes in aqueous solution. The cor- 
rect solution is 


H,SO, Br, 
CHE HOS ka ^ (CH,CH=CH, 5 > үн 
OH OH 
2-Propanol Propene 1-Bromo-2-propanol 


(e) Here we have another problem where reasoning forward can lead to trouble. If we try to con- 
serve the oxygen of 2-propanol so that it becomes the oxygen of 1,2-epoxypropane, we need 
a reaction in which this oxygen becomes bonded to C-1. 


CH,CHCH, CH,CH—CH, 
| TN у 
OH о 
2-Propanol 1,2-Epoxypropane 


This will not work as no synthetic method for such a single-step transformation exists! 
By reasoning backward, recalling that epoxides are made from alkenes by reaction with 
peroxy acids, we develop a proper synthesis. 


О 
H,SO, ткн 
нен, - CH,CH=CH, CH,CH—CH, 
OH О 
2-Propanol Propene 1,2-Epoxypropane 


(f) tert-Butyl alcohol and isobutyl alcohol have the same carbon skeleton; all that is required is to 
move the hydroxyl group from C-1 to C-2. As pointed out in part (a) of this problem, we 
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cannot do that directly but we can do it in two efficient steps through a synthesis that involves 
hydration of an alkene. 


H,SO, 
heat 


H,O, H,SO, 
> 


(CH,),CHCH,OH (CH;),C=CH, (CH;);COH 


Isobutyl alcohol 2-Methylpropene tert-Butyl alcohol 


Acid-catalyzed hydration of the alkene gives the desired regioselectivity. 
(g) The strategy of this exercise is similar to that of the preceding one. Convert the starting mate- 
rial to an alkene by an elimination reaction, followed by electrophilic addition to the double 


bond. 
KOC(CH;), = HI 
(CH}) CHCH, I (CH),COH, hear (CH,),C=CH, (CH4CI 
Isobutyl iodide 2-Methylpropene tert-Butyl iodide 


(h) This problem is similar to the one in part (d) in that it requires the preparation of a halohydrin 
from an alkyl halide. The strategy is the same. Convert the alkyl halide to an alkene, and then 
form the halohydrin by treatment with the appropriate halogen in aqueous solution. 


СЇ 
Cl ~ OH 
NaOCH,CH, CL 
————————» = 
CH,CH,OH H,O 
Cyclohexyl chloride Cyclohexene trans-2-Chlorocyclohexanol 


(i) | Halogenation of an alkane is required here. Iodination of alkanes, however, is not a feasible re- 
action. We can make alkyl iodides from alcohols or from alkenes by treatment with HI. A rea- 
sonable synthesis using reactions that have been presented to this point proceeds as shown: 


CL NaOCH,CH, HI 
= Cl > = 1 
light CH;CH,OH 


Cyclopentane Cyclopentyl chloride Cyclopentene Cyclopentyl iodide 


(j) Dichlorination of cyclopentane under free-radical conditions is not a realistic approach to the 
introduction of two chlorines in a trans-1,2 relationship without contamination by isomeric 
dichlorides. Vicinal dichlorides are prepared by electrophilic addition of chlorine to alkenes. 
The stereochemistry of addition is anti. 


Cl 
Cl, NaOCH,CH, Cl, 
— Cl > ————— С] 
light CH;CH,OH 


Cyclopentane Cyclopentyl chloride Cyclopentene trans-1,2-Dichlorocyclopentane 


(k) The desired compound contains all five carbon atoms of cyclopentane but is not cyclic. Two 
aldehyde functions are present. We know that cleavage of carbon-carbon double bonds by 
ozonolysis leads to two carbonyl groups, which suggests the synthesis shown in the following 
equation: 

OH | | 


H,SO, 1.0, н оо н 
ES r A || HCCH,CH,CH,CH 


Cyclopentanol Cyclopentene Pentanedial 
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6.33 The two products formed by addition of hydrogen bromide to 1,2-dimethylcyclohexene cannot be 
regioisomers. Stereoisomers are possible, however. 


CH, 
or HBr 
——— 
CH, 
1,2-Dimethylcyclohexene cis-1,2-Dimethylcyclohexyl  trans-1,2-Dimethylcyclohexyl 
bromide bromide 


The same two products are formed from 1,6-dimethylcyclohexene because addition of hydrogen 
bromide follows Markovnikov's rule in the absence of peroxides. 


CH, 
HBr 


+ 
H 
1,6-Dimethylcyclohexene cis-1,2-Dimethylcyclohexyl — trans-1,2-Dimethylcyclohexyl 
bromide bromide 
6.34 The problem presents the following experimental observation: 
сн, CH, 
Н,, Rh 
„ш Ме" зш H + CH, 
(CH,),C (СНС (СНС 
4-tert-Butyl(methylene)- cis-1-tert-Butyl-4- trans-l-tert-Butyl-4- 
cyclohexane methylcyclohexane (8896) methylcyclohexane (12%) 


This observation tells us that the predominant mode of hydrogen addition to the double bond is 
from the equatorial direction. Equatorial addition is the less hindered approach and thus occurs 
faster. 


Axial addition (slower) 
CH, 


xt 


(СНС Equatorial addition (faster) 


H 


(a)  Epoxidation should therefore give the following products: 


CH, eK 
So CH, 
(СНС (СНС 
H H 


Major product Minor product 


The major product is the stereoisomer that corresponds to transfer of oxygen from the equa- 
torial direction. 
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(b) Hydroboration—oxidation occurs from the equatorial direction. 


CH,OH H 
ык La 
(СНС (СНС 
H H 
Major product Minor product 


The methyl group in compound B shields one face of the double bond from the catalyst surface, 
therefore hydrogen can be transferred only to the bottom face of the double bond. The methyl group 
in compound À does not interfere with hydrogen transfer to the double bond. 


HC H HC H 
Top face of double bond: 


Open Shielded by 
Р methyl group Т хам. 


Compound A Compound B 


Thus, hydrogenation of A is faster than that of B because B contains a more sterically hindered 
double bond. 


Hydrogen can add to the double bond of 1,4-dimethylcyclopentene either from the same side as 
the C-4 methyl group or from the opposite side. The two possible products are cis- and trans-1, 3- 
dimethylcyclopentane. 


єн, CH, CH, 
H, 
Pt or Pd + 
S 
CH, CH, CH, 
1,4-Dimethylcyclopentene cis-1,3-Dimethylcyclopentane —ftrans-1,3-Dimethylcyclopentane 


Hydrogen transfer occurs to the less hindered face of the double bond, that is, trans to the C-4 methyl 
group. Thus, the major product is cis-1,3-dimethylcyclopentane. 


Hydrogen can add to either the top face or the bottom face of the double bond. Syn addition to the 
double bond requires that the methyl groups in the product be cis. 


Pt or Pd H i CH, 
| | 
CH, H 
CH, 
CH, H 


3-Carene can in theory undergo hydrogenation to give either cis-carane or trans-carane. 


cis-Carane (98%) trans-Carane 
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The exclusive product is cis-carane, since it corresponds to transfer of hydrogen from the less hin- 


dered side. 
CH, CH, 
и нс CH; Н.С CH; 
Methyl groups — 5 
shield this Pak H 
side of l N | 
molecule H H m (РО Н H 
cis-Carane 


6.39  Ethylene and propene react with concentrated sulfuric acid to form alkyl hydrogen sulfates. Addi- 
tion of water hydrolyzes the alkyl hydrogen sulfates to the corresponding alcohols. 


H,SO, H,O 
H,C=CH, ———— CH,CH,OSO,OH = CH,CH,OH 
Ethylene Ethyl hydrogen sulfate Ethanol 
H,SO, H,O 
H,C—CHCH, CH,CHCH, —~— CH HORS 
ÓSO,OH OH 
Propene Isopropyl Isopropyl alcohol 
hydrogen sulfate 


Recall that alkyl substituents on the double bond increase the reactivity of alkenes toward elec- 
trophilic addition. Propene therefore reacts faster than ethylene with sulfuric acid, and the mixture 
of alkyl hydrogen sulfates is mainly isopropyl hydrogen sulfate, and the alcohol obtained on hy- 
drolysis is isopropyl alcohol. 


6.40 The first step in the mechanism of acid-catalyzed hydration of alkenes is protonation of the double 
bond to give a carbocation intermediate. 


Н, , H x А 
Аун СН,==СНСН(СН,), УО + CH,—CHCH(CH,), 
H H 
Hydronium ion 3-Methyl-1-butene Water 1,2-Dimethylpropyl cation 


(secondary) 


The carbocation formed in this step is secondary and capable of rearranging to a more stable tertiary 
carbocation by a hydride shift. 


CH,—CH—C(CH,), CH,—CH—C(CH,), 


H 
1,2-Dimethylpropyl cation 1,1-Dimethylpropyl cation 
(secondary) (tertiary) 


The alcohol that is formed when water reacts with the tertiary carbocation is 2-methyl-2-butanol, not 
3-methyl-2-butanol. 


H 
ES i E 
`O: + CH,CH,C(CH,), CH,CH,C(CH,), CH,CH,C(CH,), 
„У а 
H H 


Water — 1,1-Dimethylpropyl cation 2-Methyl-2-butanol 
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6.41 In the presence of sulfuric acid, the carbon-carbon double bond of 2-methyl-1-butene is protonated 
and a carbocation is formed. 


H CH H CH 
Yt ИЗ ~ ptm 
050 њос —— 0:+ 80—64 
H CH,CH, H CH,CH, 
Hydronium ion 2-Methyl-1-butene Water 1,1-Dimethylpropyl cation 


This carbocation can then lose a proton from its CH, group to form 2-methyl-2-butene. 


КА , CH. H, ‚АН, 
Joi + нес) — DHFR 
H Du CicHCH, H CHCH, 
H 
Water 1,1-Dimethylpropyl cation Hydronium ion 2-Methyl-2-butene 


6.42 The first step in the reaction of an alkene with bromine is the formation of a bromonium ion. 


Br, 


H,C=CHCH,CH,CH,CH, H,C—CHCH,CH,CH,CH; 


‘Br 


This bromonium ion can react with Вг to form 1,2-dibromohexane, or it can be attacked by 


methanol. 
н. УОН» H „СН н» 
б бб $ 
НСО не НЕНЕН CELON, =H, pee 


1-Bromo-2-methoxyhexane 


Attack on the bromonium ion by methanol is analogous to the attack by water in the mechanism of 
bromohydrin formation. 


6.43 The problem stipulates that a bridged sulfonium ion is an intermediate. Therefore, use the 7 elec- 
trons of the double bond to attack one of the sulfur atoms of thiocyanogen and cleave the S—S bond 
in a manner analogous to cleavage of a Br—Br bond in the reaction of bromine with an alkene. 


| 
:SCN is -- 


The sulfonium ion is then attacked by thiocyanate (NCS) to give the observed product, which has 


the trans stereochemistry. 
9 
(ES 
“S—CN 


SS$—CN 
OR 
S—CN 
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6.44  Alkenes of molecular formula C,,H,, are trimers of 2-methylpropene. The first molecule of 
2-methylpropene is protonated to form tert-butyl cation, which reacts with a second molecule of 
2-methylpropene to give a tertiary carbocation having eight carbons. 


CH, CH, 
x 2 РАНЕ 
(CH); + СНС) снууссн,—С 
CH, CH, 
tert-Butyl cation 2-Methylpropene 1,1,3,3- Tetramethylbutyl cation 


This carbocation reacts with a third molecule of 2-methylpropene to give a 12-carbon tertiary 


carbocation. 
We АН, yis н, 
+ 
(CH,),CCH, Тыт 7 ш. (CH), CCHCCH,- C 
CH, CH, 
1,1,3,3-Tetramethylbutyl cation 2-Methylpropene 1,1,3,3,5,5-Hexamethylhexyl cation 


The 12-carbon carbocation can lose a proton in either of two directions to give the alkenes shown. 


(Hs бог үн yo CH; CH, 
+ 
єну,сснсну—0 (EEO GESE + OEE 
CH, CH; CH, CH; CH, CH; 
1,1,3,3,5,5-Hexamethylhexyl cation 2,4,4,6,6-Pentamethyl-1-heptene 2,4,4,6,6-Pentamethyl-2-heptene 


6.45 The carbon skeleton is revealed by the hydrogenation experiment. Compounds B and C must have 
the same carbon skeleton as 3-ethylpentane. 


E n : 8 
or => 
cat 
Three alkyl bromides have this carbon skeleton, namely, 1-bromo-3-ethylpentane, 2-bromo- 


3-ethylpentane, and 3-bromo-3-ethylpentane. Of these three only 2-bromo-3-ethylpentane will give 
two alkenes on dehydrobromination. 


Br / 
D LIBE. > (only product) 


1-Bromo-3-ethylpentane 


B cR = (only product) 
Br 


3-Bromo-3-ethylpentane 


r 
2-Bromo-3-ethylpentane 3-Ethyl-1-pentene 3-Ethyl-2-pentene 
Compound A must therefore be 2-bromo-3-ethylpentane. Dehydrobromination of A will follow 


Zaitsev's rule, so that the major alkene (compound B) is 3-ethyl-2-pentene and the minor alkene 
(compound C) is 3-ethyl-1-pentene. 
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6.46 The information that compound B gives 2,4-dimethylpentane on catalytic hydrogenation establishes 


its carbon skeleton. 
H, 
Compound В = 
catalyst 


2,4-Dimethylpentane 


Compound B is an alkene derived from compound A—an alkyl bromide of molecular formula 
С.Н, ;Вг. We are told that compound A is not a primary alkyl bromide. Compound A can therefore 


be only: 
Р i 


Since compound A gives a single alkene on being treated with sodium ethoxide in ethanol, it can 
only be 3-bromo-2,4-dimethylpentane, and compound B must be 2,4-dimethyl-2-pentene. 


NaOCH,CH, ES 


Br 


сити: ай 
CH,CH,OH 
Br 
3-Bromo-2,4-dimethylpentane 2,4-Dimethyl-2-pentene 
(compound A) (compound B) 


6.47  Alkene С must have the same carbon skeleton as its hydrogenation product, 2,3,3,4- 
tetramethylpentane. 


H, 
Alkene C Salva 
2,3,3,4-Tetramethylpentane 


Alkene С can only therefore be 2,3,3,4-tetramethyl-1-pentene. The two alkyl bromides, compounds 
A and B, that give this alkene on dehydrobromination have their bromine substituents at C-1 and 


C-2, respectively. 
KOC(CH,);, 
S dimethyl sulf sulfoxide 


1-Bromo-2,3,3,4-tetramethylpentane P 


2,3,3,4- Tetramethyl-1-pentene 
КОС(СН 
dimethyl sulfoxide 


2-Bromo-2,3,3,4-tetramethylpentane 


6.48 The only alcohol (compound A) that can undergo acid-catalyzed dehydration to alkene B without 
rearrangement is the one shown in the equation. 


БЕ 0 
heat 


-H,O 


Alcohol A Alkene B 
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Dehydration of alcohol A also yields an isomeric alkene under these conditions. 


H 
Н. 
KHSO, 
heat 
HO —H,O 
Alcohol A Alkene C 


Electrophilic addition of hydrogen iodide should occur in accordance with Markovnikov’s rule. 


HI 
— D ec ааа Чыланат. 
H,C=CHC(CH)), === CH,CHC(CH, 
I 
3,3-Dimethyl-1-butene 3-Iodo-2,2-dimethylbutane 


Treatment of 3-iodo-2,2-dimethylbutane with alcoholic potassium hydroxide should bring about 
E2 elimination to regenerate the starting alkene. Hence, compound A is 3-iodo-2,2-dimethylbutane. 

The carbocation intermediate formed in the addition of hydrogen iodide to the alkene is one 
which can rearrange by a methyl group migration. 


CH, CH, 


methyl 
+ Ж area | A 
Hc—éri-ecu, 2828. нс—сн—ёсн, 


H,C=CHC(CH,), + H* 


CH, CH, 
I I 
CH CH=CH) (CH), CH CCH), 
I I 
Compound A Compound B 


(2-iodo-2,3-dimethylbutane) 


A likely candidate for compound B is therefore the one with a rearranged carbon skeleton, 2-iodo- 
2,3-dimethylbutane. This is confirmed by the fact that compound B undergoes elimination to give 
2,3-dimethyl-2-butene. 


2 
(CH),CH—C(CH; E (CH,),C=C(CH,), 
I 
Compound B 2,3-Dimethyl-2-butene 


The ozonolysis data are useful in quickly identifying alkenes A and B. 
| | 
HCH + (CH,),CCC(CH,), 


Compound A 
Compound A is therefore 2-tert-butyl-3,3-dimethyl-1-butene. 
CH, 
бө Gas. 


Compound A 


| о CH, 
HCH + сои 


Compound В 
CH, 
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Compound B is therefore 2,3,3,4,4-pentamethy]-1-pentene. 


He сн, 
кс сен; 


Сн, 


Compound В 


Compound B has a carbon skeleton different from the alcohol that produced it by dehydration. We 
are therefore led to consider a carbocation rearrangement. 


ть не CH, сн, 
(CH), C—CC(CH). H: се E ЕНЕ (CH,),C—CC(CH,), 
OH H,C Compound A 
methyl 
migration 
HC CH, НАТ ү: 
с=с 5 CH,C—CC(CH3) 
CH, CH, 


Compound B 


6.51 The important clue to deducing the structures of A and B is the ozonolysis product C. Remembering 
that the two carbonyl carbons of C must have been joined by a double bond in the precursor B, we write 


cc These two carbons 
© must have been 
connected by a 
ME double bond. 
CH, CH, 


Compound C Compound B 


The tertiary bromide that gives compound B on dehydrobromination is 1-methylcyclohexyl bromide. 


NaOCH,CH, 
ме: 4 
CH,CH,OH 
CH, 3CH, ii 

Br 3 


Compound A Compound B 


When tertiary halides are treated with base, they undergo E2 elimination. The regioselectivity of 
elimination of tertiary halides follows the Zaitsev rule. 


6.52 Since santene and 1,3-diacetylcyclopentane (compound A) contain the same number of carbon 
atoms, the two carbonyl carbons of the diketone must have been connected by a double bond in san- 
tene. The structure of santene must therefore be 


H,C УН, 


CH, 
di. more appropriately represented as 


CH, 
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6.53 (a) Compound A contains nine of the ten carbons and 14 of the 16 hydrogens of sabinene. 
Ozonolysis has led to the separation of one carbon and two hydrogens from the rest of the 
molecule. The carbon and the two hydrogens must have been lost as formaldehyde, H,C—O. 
This Н.С unit was originally doubly bonded to the carbonyl carbon of compound А. Sabinene 
must therefore have the structure shown in the equation representing its ozonolysis: 


CH, О 
1. 0, в Н 
2. H,O, Zn + | 
О 
CH(CH,), CH(CH,), 
Sabinene Compound A Formaldehyde 


(b) Compound B contains all ten of the carbons and all 16 of the hydrogens of A*-carene. The two 
carbonyl carbons of compound B must have been linked by a double bond in A*-carene. 


Cleaved by О О 
H,C H ozonolysis | | | | 


СН,ССН, CH,CH 


1. 0, 
— > SN (2 
2. H,O, Zn H н 
H H Н.С CH, 
H,C ‘CH, 
A)-Carene Compound B 


6.54 The sex attractant of the female housefly consumes one mole of hydrogen on catalytic hydrogena- 
tion (the molecular formula changes from C,,H,, to СН). Thus, the molecule has one double 
bond. The position of the double bond is revealed by the ozonolysis data. 


| | 
CH,(CH,),CH + CH,(CH,),,CH 


1. O, 
СА 2. H,O, Zn 
An unbranched 9-carbon unit and an unbranched 14-carbon unit make up the carbon skeleton, and 
these two units must be connected by a double bond. The housefly sex attractant therefore has the 


constitution: 


CH,(CH,),CH=CH(CH,),,CH, 


9-Tricosene 


The data cited in the problem do not permit the stereochemistry of this natural product to be 
determined. 


6.55 Тһе hydrogenation data tell us that С На; contains one double bond and has the same carbon skele- 
ton as 2,6,10,14-tetramethylpentadecane. We locate the double bond at C-2 on the basis of the fact 
that acetone, (CH;),C—O, is obtained on ozonolysis. The structures of the natural product and the 
aldehyde produced on its ozonolysis are as follows: 


Pop WW и 


Ozonolysis cleaves molecule here. Aldehyde obtained on ozonolysis 
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6.56 Since HCCH,CH is one of the products of its ozonolysis, the sex attractant of the arctiid moth must 

contain the unit ==СНСН,СН==. This unit must be bonded to an unbranched 12-carbon unit at one 


end and an unbranched 6-carbon unit at the other in order to give CH,(CH;),,CH—O and 
CH4CCH,),CH—O on ozonolysis. 


CH,(CH,),,CH4=CHCH,CH==CH(CH,),CH, 
Sex attractant of arctiid moth 


(wavy lines show positions of cleavage on ozonolysis) 


1.0, 
2. H,O, Zn 


О 
|| 
СН,(СН,) „СН + HCCH,CH + HC(CH,),CH, 


The stereochemistry of the double bonds cannot be determined on the basis of the available 
information. 


6.57-6.59 Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man- 
ual. You should use Learning By Modeling for these exercises. 


SELF-TEST 
PART A 


A-1. How many different alkenes will yield 2,3-dimethylpentane on catalytic hydrogenation? 
Draw their structures, and name them. 


A-2. Write structural formulas for the reactant, reagents, or product omitted from each of the 
following: 


H,SO, (dilute) 
(а) (CHj,C—CHCH, ———— 


1.0 
(с) (СН) > HOLZ 


CH с 
(4) Фа ie == 


A-3. Provide a sequence of reactions to carry out the following conversions. More than one 
synthetic step is necessary for each. Write the structure of the product of each synthetic 
step. 


CH, CH, 
OH 
^, 
ОН 
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А-5. 


А-6. 


А-7. 


А-8. 
А-9. 


Cl О 


IN 
CH,CH,CH—C(CH,), 


| 
(b) CH,CH,CHCH(CH,), 


(с) (CE COHOH, (CH,);CCH,CH,Br 


Br 


Provide a detailed mechanism describing the elementary steps in the reaction of 1-butene 
with HBr in the presence of peroxides. 


Chlorine reacts with an alkene to give the 2,3-dichlorobutane isomer whose structure is 
shown. What are the structure and name of the alkene? Outline a mechanism for the reaction. 


с Cl 
н Cae | 
H,C CH, 


Write a structural formula, including stereochemistry, for the compound formed from 
cis-3-hexene on treatment with peroxyacetic acid. 


Give a mechanism describing the elementary steps in the reaction of 2-methyl-1-butene with 
hydrogen chloride. Use curved arrows to show the flow of electrons. 


What two alkenes give 2-chloro-2-methylbutane on reaction with hydrogen chloride? 


Give the major organic product formed from the following sequence of reactions. 


Кк Br, NaOCH,CH, 1. BH, 
> = > = =>) Y 
light CH,CH,OH 2. H,O,, HO 


. The reaction of 3-methyl-1-butene with hydrogen chloride gives two alkyl halide products; 


one is a secondary alkyl chloride and the other is tertiary. Write the structures of the prod- 
ucts, and provide a mechanism explaining their formation. 


А-11. A hydrocarbon A (C,H,,) undergoes reaction with HBr to yield compound В (C,H,,Br). 
Treatment of B with sodium ethoxide in ethanol yields C, an isomer of A. Reaction of C with 
ozone followed by treatment with water and zinc gives acetone, (CH,),C—O, as the only 
organic product. Provide structures for A, B, and C, and outline the reaction pathway. 

PART B 

B-1. Rank the following alkenes in order of decreasing heats of hydrogenation (largest first) 

Pd d d жм 0 TN 
1 2 3 4 
(a) 2>3>4>1 (d) 2>4>3>1 
(р) 1>3>4>2 (e) 1>2>3>4 
(c) 1>4>3>2 

B-2. The product from the reaction of 1-pentene with Cl, in H,O is named: 
(a) 1-Chloro-2-pentanol (c) 1-Chloro-1-pentanol 
(b) 2-Chloro-2-pentanol (d) 2-Chloro-1-pentanol 

B-3. In the reaction of hydrogen bromide with an alkene (in the absence of peroxides), the first 
step of the reaction is the to the alkene. 

(a) Fast addition of an electrophile (c) Slow addition of an electrophile 


(b) Fast addition of a nucleophile (d) Slow addition of a nucleophile 
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B-4. The major product of the following reaction sequence is 
1. ВН; 
= 2H,0,HO > 
OH on H 
«€ = © У © ж жо+о< 
О OH 
® YO @ >< 


B-5. Which, if any, of the following alcohols cannot be prepared from an alkene? 


(ај „мум ОН (о) Р 
ө ^он фу ХС „он 


(е) None of these—all of the alcohols shown 
can be prepared from an alkene 


B-6. Which of the species shown is the most stable form of the intermediate in the electrophilic 
addition of Cl, in water to cyclohexene to form a halohydrin? Electron pairs have been omit- 
ted for convenience, and their absence should not be considered as part of the problem. 


S ЕМ + + a SS + 

Che Cl СК CL. CE 

“н CI CI CI “н 
(а) (b) (c) (d) (e) 


B-7. Treatment of 2-methyl-2-butene with HBr in the presence of a peroxide yields 
(a) A primary alkyl bromide 
(b) А secondary alkyl bromide 
(c) А tertiary alkyl bromide 
(d) A vicinal dibromide 


B-8. The reaction 


(CH,),C=CH, + Вг. (CH;),C—CH,Br 


is an example of a(n) step in a radical chain reaction. 
(a) Initiation (c) "Termination 
(b) Propagation (d) Heterolytic cleavage 


B-9. To which point on the potential energy diagram for the reaction of 2-methylpropene with 
hydrogen chloride does the figure shown at the right correspond? 


b 
_ (d) CH, 


(c) pu 


(a) © Cp 
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B-10. 


B-12. 


B-13. 


Which of the following most accurately describes the first step in the reaction of hydrogen 
chloride with 1-butene? 


(a) IATER с —> 2 +a 
dy GE ш мы PP, de 
Р с AZ E 
dv dd мш” RS ме 


. Which of the following best describes the flow of electrons in the acid-catalyzed dimeriza- 


tion оЁ(СН,),С==СН,? 


„CH; 
H,C=C 
+ M 3 
(a) Ке He. (c) Н.С 
Н.С СН, CH, „с=©н, 
Н.С 
Н.С CH К CH 
3 Z8 C 3 
(b) Усен “ас @ нс“ 3 
CH 
A 
Н.С CH, нс Я з 


Which one of the following compounds gives acetone (CH,),C—O as one of the products of 
its ozonolysis? 


ү сүү ode О OX 
(a) (b) (c) (d) (e) 


Addition of НСІ to 3,3-dimethyl-1-butene yields two products, one of which has а re- 
arranged carbon skeleton. Which of the following cations are intermediates in that reaction? 


(CH,,CCHCH,C| — (CH,,CCHCH, (CR), COH, (CH), CCH(CH,), 
Cl 
1 2 3 4 


(а) 1,2 (b) 1,3 (c) 1,4 (d) 2,3 (e) 2,4 


» 


$ 
& 


CHAPTER 7 
STEREOCHEMISTRY 


SOLUTIONS TO TEXT PROBLEMS 


7.1 (c) Carbon-2 is a stereogenic center in l-bromo-2-methylbutane, as it has four different 
substituents: H, CH}, CH,CH,, and ВгСН,. 


| 
ен 
CH, 


(d) There are no stereogenic centers in 2-bromo-2-methylbutane. 


ви. 
CH, 


7.2 (b) Carbon-2 is a stereogenic center in 1,1,2-trimethylcyclobutane. 


CH, 
< А stereogenic center; the four substituents to which 
H it is directly bonded [H, CH}, СН», and C(CH4);] 


H,C CH, are all different from one another. 


1,1,3-Trimethylcyclobutane however, has no stereogenic centers. 


Н.С CH, 
Хоф а stereogenic center; 
H,C H 


two of its substituents are the same. 
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7.3 (b) There are two planes of symmetry in (Z)-1,2-dichloroethene, of which one is the plane of the 
molecule and the second bisects the carbon-carbon bond. There is no center of symmetry. The 
molecule is achiral. 


*— — Planes of symmetry 


(c) There is a plane of symmetry in cis-1,2-dichlorocyclopropane that bisects the С-1—С-2 bond 
and passes through C-3. The molecule is achiral. 


а of symmetry 
3 
Cl 4 \ Cl 
1 2 
H H 


(d)  trans-1,2-Dichlorocyclopropane has neither a plane of symmetry nor a center of symmetry. Its 
two mirror images cannot be superposed on each other. The molecule is chiral. 


см ан and на аге nonsuperposable 


H Ke ci H mirror images 
7.4 The equation relating specific rotation [a] to observed rotation a is 


100a 


cl 


[a] — 


The concentration c is expressed in grams per 100 mL and the length / of the polarimeter tube in 
decimeters. Since the problem specifies the concentration as 0.3 g/15 mL and the path length as 
10 cm, the specific rotation [o] is: 


Е 100(—0.78?) 
[6] = 10003 g/15 mL)(10 cm/10 cm/dm) 
= 39" 
7.5 From the previous problem, the specific rotation of natural cholesterol is [o] = —39°. The mixture 


of natural (—)-cholesterol and synthetic (+)-cholesterol specified in this problem has a specific 
rotation [a] of — 13°. 
Optical purity = %(—)-cholesterol — 96 (+)-cholesterol 
33.3% = %(—)-cholesterol — [100 — % (—)-cholesterol] 
133.3% = 2 [% (—)-cholesterol] 
66.7% = % (—)-cholesterol 


The mixture is two thirds natural (—)-cholesterol and one third synthetic (+)-cholesterol. 
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7.6 Draw the molecular model so that it is in the same format as the drawings of (+) and (—)-2-butanol 
in the text. 


Reorient the molecule so that it can be compared with the drawings of (+) and (—)-2-butanol. 


HO H CH,CH, H 
% 7 3 EV 

Reorient AK which becomes СОН 
Н.С CH,CH, uc 


The molecular model when redrawn matches the text's drawing of (+)-2-butanol. 


77 (b) The solution to this problem is exactly analogous to the sample solution given in the text to 
part (a). 


(+)-1-Fluoro-2-methylbutane 


Order of precedence: СЊЕ > CH,CH, > СН. > H 


The lowest ranked substituent (H) at the stereogenic center points away from us in the 
drawing. The three higher ranked substituents trace a clockwise path from СЊЕ to CH,CH, 
to CH,. 


H,C CHF 
id 2 


| 
CH,CH, 


The absolute configuration is R; the compound is (R)-(+)-1-fluoro-2-methylbutane. 
(c) The highest ranked substituent at the stereogenic center of 1-bromo-2-methylbutane is CH,Br, 
and the lowest ranked substituent is H. Of the remaining two, ethyl outranks methyl. 


Order of precedence: CH,Br > CH,CH, > CH, > H 


The lowest ranking substituent (H) is directed toward you in the drawing, and therefore the 
molecule needs to be reoriented so that H points in the opposite direction. 


C—cH,Br © BrcH,—C 


turn 180° 


(+)-1-Bromo-2-methylbutane 
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The three highest ranking substituents trace a counterclockwise path when the lowest ranked 
substituent is held away from you. 


BrCH CH 
r T ив 
| 
CH,CH, 


The absolute configuration is S, and thus the compound is (S)-(4-)-1-bromo-2-methylbutane. 
(d) Тһе highest ranked substituent at the stereogenic center of 3-buten-2-ol is the hydroxyl group, 
and the lowest ranked substituent is H. Of the remaining two, vinyl outranks methyl. 


Order of precedence: НО > СН,=СН > CH, > H 


The lowest ranking substituent (H) is directed away from you in the drawing. We see that the 
order of decreasing precedence appears in a counterclockwise manner. 


H a М 
¢—CH,—CH, | 
HO OH 


(+)-3-Buten-2-ol 
The absolute configuration is 5, and the compound is (S)-(4-)-3-buten-2-ol. 
7.8 (b) The stereogenic center is the carbon that bears the methyl group. Its substituents are: 
—CF,CH, > —CH;CF, > CH, > H 


Highest Lowest 
rank rank 


When the lowest ranked substituent points away from you, the remaining three must appear in 
descending order of precedence in a counterclockwise fashion in the 5 enantiomer. (S)-1, 1- 
difluoro-2-methylcyclopropane is therefore 


7.9 (b) Тһе Fischer projection of (R)-(+)-1-fluoro-2-methylbutane is analogous to that of the alcohol 
in part (a). The only difference in the two is that fluorine has replaced hydroxyl as a sub- 
stituent at C-1. 


HC АН ÇH,F CHF 
CHE is the same as H=C-—CH, which becomes the Fischer projection H CH, 
СН.СН, Сн,сн, CH,CH, 


Although other Fischer projections may be drawn by rotating the perspective view in other di- 
rections, the one shown is preferred because it has the longest chain of carbon atoms oriented 
on the vertical axis with the lowest numbered carbon at the top. 

(c) As in the previous parts of this problem, orient the structural formula of (S)-(--)-1-bromo- 
2-methylbutane so the segment BrCH,—C—CH,CH, is aligned vertically with the lowest 
numbered carbon at the top. 


CH; CH,Br CH,Br 


^C CHBr is the same as H,C Сн which becomes the Fischer projection H,C H 


CH,CH, CH,CH, CH,CH, 
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(d) Here we need to view the molecule from behind the page in order to write the Fischer projec- 
tion of (S)-(+)-3-buten-2-ol. 


CH, H єн, CH, 
C—CH=CH, is the same as H=C~OH which becomes the Fischer projection H OH 
HO CH=CH, CH=CH, 


7.10 In order of decreasing rank, the substituents attached to the stereogenic center in lactic acid are 

OH, —CO,H, —CH,, and —H. The Fischer projection given for (+)-lactic acid (a) corresponds 

to the three-dimensional representation (b), which can be reoriented as in (c). When (c) is viewed 

from the side opposite the lowest ranked substituent (H), the order of decreasing precedence is anti- 
clockwise, as shown in (d). (+)-Lactic acid has the S configuration. 


CO,H CO;H HO COMH amo 
E ён НОС. „ОН 
HO——H HO=C-H F ene 
CH, ён, Н.С CH, 
(a) (b) (c) (d) 


7.11 The erythro stereoisomers are characterized by Fischer projections in which analogous substituents, 
in this case OH and МН,, are on the same side when the carbon chain is vertical. There are two 
erythro stereoisomers that are enantiomers of each other: 


CH, CH, 


Erythro Erythro 


Analogous substituents are on opposite sides in the threo isomer: 


CH, CH, 
H——OH HO——H 
HjN——H H—-—NH, 

CH, CH, 
Threo Threo 


7.12 There are four stereoisomeric forms of 3-amino-3-butanol: 


(2R,3R) and its enantiomer (25,35) 
(2R,3S) and its enantiomer (2S,3R) 


In the text we are told that the (2R,3R) stereoisomer is a liquid. Its enantiomer (25,35) has the same 
physical properties and so must also be a liquid. The text notes that the (2R,35) stereoisomer is a 
solid (mp 49°С). Its enantiomer (2S,3R) must therefore be the other stereoisomer that is a crystalline 
solid. 
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7.13 Examine the structural formula of each compound for equivalently substituted stereogenic centers. 
The only one capable of existing in a meso form is 2,4-dibromopentane. 


CH, 
| | H——Br 
Equivalently substituted Plane of 
stereogenic centers — a: x symmetry 
(С. ж „д 
ОН ИОНОВ н—ве 
Вг Вг CH; 
2,4-Dibromopentane Fischer projection of 


meso-2,4-dibromopentane 


None of the other compounds has equivalently substituted stereogenic centers. No meso forms are 
possible for: 


он 
ш Ее ICH HOG 


Br Br Br OH Br 


2,3-Dibromopentane 3-Bromo-2-pentanol 4-Bromo-2-pentanol 


7.14 There is a plane of symmetry in the cis stereoisomer of 1,3-dimethylcyclohexane, and so it is an 
achiral substance—it is a meso form. 


3 5 
о 
2 CH, 6 


Plane of symmetry passes through 
C-2 and C-5 and bisects the ring. 


The trans stereoisomer is chiral. It is not a meso form. 


7.15 А molecule with three stereogenic centers has 23, or 8, stereoisomers. The eight combinations of R 
апа 5 stereogenic centers аге: 


Stereogenic center Stereogenic center 
123 123 
Isomer | RRR Isomer 5 SSS 
Isomer 2 RRS Isomer 6 SSR 
Isomer 3 RSR Isomer 7 SRS 
Isomer 4 SRR Isomer 8 RSS 


7.16 2-Hexuloses have three stereogenic centers. They are marked with asterisks in the structural 
formula. 


| 
HOCH,CCHCHCHCH,OH 
OH OH 


No meso forms are possible, and so there are a total of 23, or 8, stereoisomeric 2-hexuloses. 
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7.17  Epoxidation of (Z)-2-butene gives the meso (achiral) epoxide. Oxygen transfer from the peroxy acid 
can occur at either face of the double bond, but the product formed is the same because the two 
mirror-image forms of the epoxide are superposable. 


О 
R | 
CH,COOH 
Н.С 
ST О 
HH 


meso-2,3-Epoxybutane 


um DNA d 

£ —H| сн,соон р 

/ i H 
H,C—C 7 О LR C 3 

| ни 


meso-2,3-Epoxybutane 


Epoxidation of (E)-2-butene gives a racemic mixture of two enantiomeric epoxides. 


Н.С 
R | 
CH,COOH 
H | 
R/ | о 
H,C H 


(2R,3R)-2,3-Epoxybutane 


CH, CH 
\ 3 3 
C—H cu, loon 5 
# > H 
НС Е ames 
us TOES 
3 


(2S,3S)-2,3-Epoxybutane 


7.18 The observed product mixture (68% cis-1,2-dimethylcyclohexane: 32% trans-1,2-dimethylcyclo- 
hexane) contains more of the less stable cis stereoisomer than the trans. The relative stabilities of the 
products therefore play no role in determining the stereoselectivity of this reaction. 


7.19 The tartaric acids incorporate two equivalently substituted stereogenic centers. (+)-Tartaric acid, as 
noted in the text, is the 2R,3R stereoisomer. There will be two additional stereoisomers, the enan- 
tiomeric (—)-tartaric acid (25,35) and an optically inactive meso form. 


ОН 


CO,H 


(2S,3S)-Tartaric acid 


(opticall 


(mp 170°C, [а]; — 12°) 


y active) 


COH 


Plane of symmetry 


ОН 


meso-Tartaric acid 
(optically inactive) 


(mp 1 


40°C) 


7.20 Мо. Pasteur separated an optically inactive racemic mixture into two optically active enantiomers. А 
meso form is achiral, is identical to its mirror image, and is incapable of being separated into opti- 


cally active forms. 
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7.21 The more soluble salt must have the opposite configuration at the stereogenic center of 
1-phenylethylamine, that is, the 5 configuration. The malic acid used in the resolution is a single 


enantiomer, S. In this particular case the more soluble salt is therefore (S)-1-phenylethylammonium 
(S)-malate. 


7.22 Ш an earlier exercise (Problem 4.23) the structures of all the isomeric СНО alcohols were pre- 
sented. Those that lack a stereogenic center and thus are achiral are 


CH,CH,CH,CH,CH,OH CH CHCH CHOH (CH,4CCH,OH 


CH, 
1-Pentanol 3-Methyl-1-butanol 2,2-Dimethyl-1-propanol 
CH, 
CH,CH,CHCH,CH, Seton 
бн бн, 
3-Pentanol 2-Methyl-2-butanol 


The chiral isomers are characterized by carbons that bear four different groups. These are: 


CH,CHCH,CH,CH, CH,CHCH(CH,, CH,CH,CHCH,OH 
OH OH CH, 


2-Pentanol 3-Methyl-2-butanol 2-Methyl-1-butanol 


7.23 The isomers of trichlorocyclopropane are 


CI CI 
Cle sop cle acr аыл я! Сыр! 
а н н а Ше Н H : H 
Enantiomeric forms of 1,1,2-trichlorocyclopropane cis-1,2,3-Trichlorocyclopropane trans-1,2,3-Trichlorocyclopropane 
(both chiral) (achiral—contains a plane of symmetry) (achiral—contains a plane of symmetry) 


7.24 (а) Carbon-2 is a stereogenic center іп 3-chloro-1,2-propanediol. Carbon-2 has two equivalent 
substituents in 2-chloro-1,3-propanediol, and is not a stereogenic center. 


асн,снсн,он UC E 


OH Cl 
3-Chloro-1,2-propanediol 2-Chloro-1,3-propanediol 
Chiral Achiral 


(b) The primary bromide is achiral; the secondary bromide contains a stereogenic center and is 
chiral. 


CH,CH—CHCH,Br — CH,CHCH—CH, 


Br 
Achiral Chiral 
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(c) Both stereoisomers have two equivalently substituted stereogenic centers, and so we must be 
alert for the possibility of a meso stereoisomer. The structure at the left is chiral. The one at the 
right has a plane of symmetry and is the achiral meso stereoisomer. 


CH, CH, Plane of symmetry 
HjN-4—H H—-—NH, 
H—-NB, H——NH, 
CH, CH, 
Chiral Meso: achiral 


(d) The first structure is achiral; it has a plane of symmetry. 


Plane of symmetry passes through C-1, C-4, and C-7. 


Cl 


The second structure cannot be superposed on its mirror image; it is chiral. 


Дә „Ду dy 


Reference structure Mirror image Reoriented mirror image 


7.25 There are four stereoisomers of 2,3-pentanediol, represented by the Fischer projections shown. АП 
are chiral. 


CH, CH, CH, CH, 

H——OH HO——H H——OH HO——H 

Н— ОН HO——H HO——H H——OH 
CH,CH, CH,CH, CH,CH, CH,CH, 
Enantiomeric erythro isomers Enantiomeric threo isomers 


There are three stereoisomers of 2,4-pentanediol. The meso form is achiral; both threo forms are 
chiral. 


CH, CH, CH, 
H—— OH H——OH Нон 
H——H H——H H——H 
H—— OH HO——H H—— OH 

CH, CH, CH, 


meso-2,4-Pentanediol Enantiomeric threo isomers 
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7.26 Among the atoms attached to the stereogenic center, the order of decreasing precedence is Br > 
Cl > F > H. When the molecule is viewed with the hydrogen pointing away from us, the order 
Br > СІ > Е appears clockwise in ће R enantiomer, anticlockwise in the S enantiomer. 


Br Br 

pe ЕСС] 
H А 

к) 5-(+) 


7.27 (а) (—)-2-Octanol has the R configuration at C-2. The order of substituent precedence is 
HO > CH,CH, > CH, > H 
The molecule is oriented so that the lowest ranking substituent is directed away from you and 


the order of decreasing precedence is clockwise. 


HQ H OH 


SW TAN 


(b) In order of decreasing sequence rule precedence, the four substituents at the stereogenic cen- 
ter of monosodium L-glutamate are 


NH, > CO, > CH, > H 
CO, CO, 
ER + Е 
нун is the same as НУ№» С —Н 


CH,CH,CO, Ма* CH,CH,CO,~ Ма“ 


When the molecule is oriented so that the lowest ranking substituent (hydrogen) is directed 
away from you, the other three substituents are arranged as shown. 


LK x 
ОС NH, 
CH,CH,CO, Na* 
The order of decreasing rank is counterclockwise; the absolute configuration is S. 


7.28 (а) Among the isotopes of hydrogen, T has the highest mass number (3), D next (2), and H low- 
est (1). Thus, the order of rank at the stereogenic center in the reactant is CH, > T > D > H. 
The order of rank in the product is HO > CH, > T > D. 


T T 
D, Da: 
= biological oxidation = 
“сн, - и, А Сн, 
/ / 
H HO 


Orient with lowest ranked substituent away from you. 
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The order of decreasing rank in the reactant is anticlockwise; the configuration is S. The order 
of decreasing rank in the product is clockwise; the configuration is R. 

(b) Retention of configuration means that the three-dimensional arrangement of bonds at the 
stereogenic center is the same in the reactant and the product. The R and S descriptors change 
because the order of precedence changes in going from reactant to product; for example, CH, 
is the highest ranked substituent in the reactant, but becomes the second-highest ranked in the 
product. 


Two compounds can be stereoisomers only if they have the same constitution. Thus, you should 
compare first the constitution of the two structures and then their stereochemistry. The best way to 
compare constitutions is to assign a systematic (IUPAC) name to each molecule. Also remember 
that enantiomers are nonsuperposable mirror images, and diastereomers are stereoisomers that are 
not enantiomers. 


(a) The two compounds are constitutional isomers. Their IUPAC names clearly reflect this 
difference. 


CH,CHCH,OH 


| 
OH Br 


1-Bromo-2-propanol 


КИ РЕН апа 


2-Bromo-1-propanol 


(b) The two structures have the same constitution. Test them for superposability. To do this we 
need to place them in comparable orientations. 


H ACE CH, 
У — Br is equivalent to H Br 
CH4CH, CH,CH, 
and 
H € CH, 
Я —CH, is equivalentto Br H 
CH,CH, CH,CH, 


The two are nonsuperposable mirror images of each other. They are enantiomers. 
To check this conclusion, work out the absolute configuration of each using the Cahn— 
Ingold—Prelog system. 


H CH; no 
C —Br Я — CH, 
СН.СН, СН.СН, 


(S)-2-Bromobutane (R)-2-Bromobutane 


(c) Again, place the structures in comparable orientations, and examine them for superposability. 


H ÇH; CH, 
C—Br is equivalent to HBr 
CH,CH, CH,CH, 
and 
CH, < CH, 
C—CH,CH,  isequivalentto H Br 
/ 


Br CH,CH, 
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(d) 


(e) 


(f) 


(g) 


(h) 


© 


The two structures represent the same compound, since they are superposable. (As a check, 
notice that both have the S configuration.) 
If we reorient the first structure, 


H e CH, 
C—Br becomes H -er 
CH,CH, CH,CH, 


which is the enantiomer of 


CH, 
Br +y 
CHCH, 


As a check, the first structure is seen to have the S configuration, and the second has the R con- 
figuration. 

As drawn, the two structures are mirror images of each other; however, they represent an achi- 
ral molecule. The two structures are superposable mirror images and are not stereoisomers but 
identical. 


CH,OH CH,OH 
н— он апа нон are both identical 
CH,OH CH,OH 


The two structures—one cis, the other trans—are stereoisomers that are not mirror images; 
they are diastereomers. 


CI 
H,C H H,C 


H Cl HH 


trans-1-Chloro-2-methylcyclopropane cis-1-Chloro-2-methylcyclopropane 


The two structures are enantiomers, since they are nonsuperposable mirror images. Checking 
their absolute configurations reveals one to be R, the other S. Both have the E configuration at 


the double bond. 
E d Бр d 
HO H H OH 
(2R,3E)-3-Penten-2-ol (2S,3E)-3-Penten-2-ol 


These two structures are identical; both have the E configuration at the double bond and the R 
configuration at the stereogenic center. 

Alternatively, we can show their superposability by rotating the second structure 180? 
about an axis passing through the doubly bonded carbons. 


HÓ H HÓ H 


Reference structure Rotate 180? around this axis Identical to reference structure 


One structure has a cis double bond, the other a trans double bond; therefore, the two are di- 
astereomers. Even though one stereogenic center is R and the other is S, the two structures are 
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not enantiomers. The mirror image of a cis (or Z) double bond is cis, and that of a trans (or E) 


double bond is trans. 
H OH 


HO H 
(2R,3E)-3-Penten-2-ol (2S,3Z)-3-Penten-2-ol 


(J) Нее it will be helpful to reorient the second structure so that it may be more readily compared 
with the first. 


HO, 


gue з which is equivalent to НО. СНОН 
Оов CH,OH q 


Reference structure Enantiomer of 
reference structure 


The two compounds are enantiomers. 
Examining their absolute configurations confirms the enantiomeric nature of the two 
compounds. 


OH 
ELS 


Hac 
Ha| À | y 
р CH,OH CH,OH 
HO 


(R)-3-Hydroxymethyl-2-cyclopenten-1-ol (S)-3-Hydroxymethyl-2-cyclopenten-1-0l 


(k) These two compounds differ in the order in which their atoms are joined together; they are 
constitutional isomers. 


HO, 
5 4 05 2 


1 
3 3 
mo 51 


4 


3-Hydroxymethyl-2-cyclopenten-1-ol 3-Hydroxymethyl-3-cyclopenten-1-0l 


(Г) То better compare these two structures, place them both in the same format. 


CH, CH, 
HO H HC Пон H OH 
ows which is equivalent to 
H oH HOY non HO H 
CH,OH CH,OH 


The two are enantiomers. 
(m) Since cis-1,3-dimethylcyclopentane has a plane of symmetry, it is achiral and cannot have an 
enantiomer. The two structures given in the problem are identical. 


CH, 
m qu Plane of symmetry 
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(n) These structures are diastereomers, that is, stereoisomers that are not mirror images. They 
have the same configuration at C-3 but opposite configurations at C-2. 


CO,H CO,H 
2 2 
H Br Br H 
H Br H Br 
3 3 
CH 4CH, 
2R,3R 25,38 


(o) То compare these compounds, reorient the first structure so that it may be drawn as а Fischer 
projection. The first step in the reorientation consists of a 180° rotation about an axis passing 
through the midpoint of the C-2—C-3 bond. 


X 
becomes 
Y 
Thus 

CO,H CH, 

H Br H Br 

Н_/ Br 5  H./.Br 

CH, CO,H 


Reference structure 


Now rotate the “back” carbon of the reoriented structure to give the necessary alignment for a 
Fischer projection. 


CH, CH, 
Br H Br Н 
H Br 
becomes CH, which is the same as 
H Br H Br 
H Br 
CO,H 


This reveals that the original two structures in the problem are equivalent. 
(p) These two structures are nonsuperposable mirror images of a molecule with two nonequiva- 
lent stereogenic centers; they are enantiomers. 


1 1 
CO,H CO,H 
2 2 
H Br Br H 
H Br Br H 
3 3 
4 CH, ^CH, 
2R,3R 25,35 


(q) The two structures are stereoisomers that are not enantiomers; they are diastereomers. 
ne Zo nc J7 
OH 


cis-3-Methylcyclohexanol trans-3-Methylcyclohexanol 
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(r) These two structures, cis- and trans-4-tert-butylcyclohexyl iodide, are diastereomers. 


I 


| P, 
(HAC (CH,),C 


Trans Cis 


(s) The two structures are nonsuperposable mirror images; they are enantiomers. 


7 
1 
6 2 СН. 
is equivalent to 
5 А 
CH, 


Reference structure Enantiomer of reference 
structure 


2 
Н.С 


(f Тһе two structures are identical. 


7 
e "yp 
/ 6 is equivalent to 
4 
3 5 
CH, 


Reference structure Identical to reference 
structure 


(u) As represented, the two structures are mirror images of each other, but because the molecule 
is achiral (it has a plane of symmetry), the two must be superposable. They represent the same 


compound. 
Н,С .H H..7 СН, H,C.7_H 
1 
is equivalent to 6 2 
4 
5 3 
Reference structure Identical to reference 
structure 


The plane of symmetry passes through C-7 and bisects the C-2—-C-3 bond and the C-5—C-6 


bond. 
(v) The structures are stereoisomers but not enantiomers; they are diastereomers. (Both are achi- 
ral and so cannot have enantiomers.) 


H,C H H CH, 
A and d» are stereoisomers but not mirror images 


Achiral Achiral 
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7.30 Write a structural formula for phytol and count the number of structural units capable of stereo- 
chemical variation. 


HOCH, CH= CCH,CH,CH,CHCH,CH,CH,CHCH,CH,CH,CHCH, 
CH, CH, CH, CH, 


3,7,11,15-Tetramethyl-2-hexadecen-1-01 


Phytol has two stereogenic centers (C-7 and C-11) and one double bond. The stereogenic centers 
may be either К or 5, and the double bond may be either Е or 2. Eight stereoisomers are possible. 


Isomer 
1 2 3 4 5 6 7 8 
Double bond E E E E Z Z Z Z 
Carbon-7 R S R S R S R 5 
Carbon-11 R S S R R S 5 R 


7.31 (а)  Muscarine has three stereogenic centers, and so eight stereoisomers have this constitution. 
(b) The three substituents on the ring (at C-2, C-3, and C-5) can be thought of as being either up 
(U) or down (D) in a perspective drawing. Thus the eight possibilities are: 


UUU, UUD, UDU, DUU, UDD, DUD, DDU, DDD 


Of these, six have one substituent trans to the other two. 
(c) Muscarine is 


. 
нск MACH;N(CH;) но“ 
нон 


7.32 To write а stereochemically accurate representation of ectocarpene, it is best to begin with the con- 
figuration of the stereogenic center, which we are told is S. 


Н” CH—CHCH,CH, 


Clearly, hydrogen is the lowest ranking substituent; among the other three substituents, two are part 
of the ring and the third is the four-carbon side chain. The priority rankings of these groups are de- 
termined by systematically working along the chain. 

The substituents 


—CH=CHCH,CH=CHCH,  —CH—CHCH,CH,  —CH,CH—CHCH,CH—CH 
(Ring) (Side chain) (Ring) 


are considered as if they were 


(Ring) (Side chain) (Ring) 
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Orienting the molecule with the hydrogen away from you 


н ‘CH=CHCH,CH, 


we place the double bonds in the ring so that the order of decreasing sequence rule precedence is 
counterclockwise: 


Highest priority Third highest 


H “CH=CHCH,CH, 
Lowest ЖИН highest 


Finally, since all the double bonds are cis, the complete structure becomes: 


7.33 (a) Miultifidene has two stereogenic centers and three double bonds. Neither the ring double bond 
nor the double bond of the vinyl substituent can give rise to stereoisomers, but the butenyl side 
chain can be either E or 7. Eight (2?) stereoisomers are therefore possible. We can rationalize 
them as 


2 
LZ -CH=CHCH,CH, 


“CH=CH, 
Stereoisomer C-3 C-4 Butenyl double bond 
1 R R E : 
2 $ 5 Е | enantiomers 
3 R R Z . 
4 S 5 7 | enantiomers 
5 R 5 Е . 
6 $ R E } enantiomers 
7 R 5 Z 5 
8 $ R 7 } enantiomers 


(b) Given the information that the alkenyl substituents are cis to each other, the number of 
stereoisomers is reduced by half. Four stereoisomers are therefore possible. 

(c) Knowing that the butenyl group has a Z double bond reduces the number of possibilities by 
half. Two stereoisomers are possible. 

(d) The two stereoisomers are 


CON = С 
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(e) These two stereoisomers are enantiomers. They are nonsuperposable mirror images. 


4 === 
27 


А / Mirror plane 
CM 


7.34 In a substance with more than one stereogenic center, each center is independently specified as R 
or 5. Streptimidone has two stereogenic centers and two double bonds. Only the internal double 
bond is capable of stereoisomerism. 


The three stereochemical variables give rise to eight (2?) stereoisomers, of which one is streptimi- 
done and a second is the enantiomer of streptimidone. The remaining six stereoisomers are dia- 
stereomers of streptimidone. 


7.35 (а) The first step is to set out the constitution of menthol, which we are told is 2-isopropyl- 
5-methylcyclohexanol. 


CH, 


OH 
CH(CH,), 


2-Isopropyl-5-methylcyclohexanol 


Since the configuration at C-1 is R in (—)-menthol, the hydroxyl group must be “up” in our 
drawing. 
CH, 


R configuration at C-1 
НҢ 


OH 
CH(CH,), 


Because menthol is the most stable stereoisomer of this constitution, all three of its sub- 
stituents must be equatorial. We therefore draw the chair form of the preceding structure, 
which has the hydroxyl group equatorial and up, placing isopropyl and methyl groups so as to 
preserve the R configuration at C-1. 


2 
(CH,),CH 
= но сн, 


Н 
(—)-Menthol 
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(b) To transform the structure of (—)-menthol to that of (+)-isomenthol, the configuration at C-5 
must remain the same, whereas those at C-1 and C-2 are inverted. 


(CH,),CH 
2 
2 
**^ HO CH, | CH, 
1 5 5 
OH 
(—)-Menthol (+)-Isomenthol 


(+)-Isomenthol is represented here in its correct configuration, but the conformation with two 
axial substituents is not the most stable one. The ring-flipped form will be the preferred con- 
formation of (+)-isomenthol: 


(CH,),CH CH, 


idu 7 


OH 


OH 


Most stable conformation of 
(+)-isomenthol 


7.36 Since the only information available about the compound is its optical activity, examine the two 
structures for chirality, recalling that only chiral substances can be optically active. 
The structure with the six-membered ring has a plane of symmetry passing through C-1 and C-4. 
It is achiral and cannot be optically active. 


CH,OH 
H——OH 
HO——H 
Н— ОН 
H——OH 
CH,OH 
Achiral; [a]; 0° Chiral; can be optically active 


The open-chain structure has neither a plane of symmetry nor a center of symmetry; it is not super- 
posable on its mirror image and so is chiral. It can be optically active and is more likely to be the 
correct choice. 


7.37 Compound B has a center of symmetry, is achiral, and thus cannot be optically active. 


Compound B: not optically active 
(center of symmetry is midpoint of C-16 — C-17 bond) 


The diol in the problem is optically active, and so it must be chiral. Compound A is the naturally oc- 
curring diol. 
7.38 (а) The equation that relates specific rotation [0], to observed rotation а is 


. 100a 


cl 


[a] 
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where с is concentration in grams рег 100 mL and / is path length in decimeters. 
100(—5.20°) 
lalo = (5 0 g/100 mL)(2 dm) 


= —130° 


(b) The optical purity of the resulting solution is 10/15, or 66.7%, since 10 g of optically pure 
fructose has been mixed with 5 g of racemic fructose. The specific rotation will therefore be 
two thirds (10/15) of the specific rotation of optically pure fructose: 


[a], = $(7130*) = —87° 


7.39 (а) The reaction of 1-butene with hydrogen iodide is one of electrophilic addition. It follows 
Markovnikov’s rule and yields a racemic mixture of (R)- and (S)-2-iodobutane. 


3 z 5 CH, 
CH,CH,CH=CH, ш po + -& 
СН.СН, CH,CH, 
1-Butene (R)-2-Iodobutane (S)-2-Iodobutane 


(b) Bromine adds anti to carbon-carbon double bonds to give vicinal dibromides. 


Br CH,CH, 
HC Н Br НУ ОНО " НВг 
СС1 
н  CH,CH, i НС 4-H Br——H 
Br CH, 
(E)-2-Pentene (2R,3S)-2,3-Dibromopentane (2S,3R)-2,3-Dibromopentane 


The two stereoisomers are enantiomers and are formed in equal amounts. 
(c) Two enantiomers are formed in equal amounts in this reaction, involving electrophilic addi- 
tion of bromine to (Z)-2-pentene. These two are diastereomeric with those formed in part (5). 


Br 
CH,CH,—_-H 
HC — CH.CH, " CH,CH,-7—H kd 
= — са, * H + Br 
н н Сн CH; `H 
Br 
(Z)-2-Pentene (2R,3R)-2,3-Dibromopentane (2S,3S)-2,3-Dibromopentane 
(d) Epoxidation of 1-butene yields a racemic epoxide mixture. 
H O 
peroxyacetic acid p 
CH,CH,CH=CH, - са ^ CH,CH*7 + How 
О CH,CH, 
(S)-1,2-Epoxybutane (R)-1,2-Epoxybutane 


(e) Two enantiomeric epoxides are formed in equal amounts on epoxidation of (Z)-2-pentene. 


H H н н 


peroxyacetic acid 


NE: О 
ENS Hoe ec TOPICS + Hey ен 


нс CH,CH;, HC -CH,CH, 


(Z)-2-Pentene (2S,3R)-2,3-Epoxypentane (2R,3S)-2,3-Epoxypentane 
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The reaction is a stereospecific syn addition. The cis alkyl groups in the starting alkene remain 
cis in the product epoxide. 


(f) The starting material is achiral, so even though a chiral product is formed, it is a racemic mix- 
ture of enantiomers and is optically inactive. 


ACH; 9 ACH; ACH, 
'CH, == MER X CH, T XÇ CH, 


CH, HC H H CH 


3 


1,5,5-Trimethylcyclopentene (R)-1,1,2-Trimethylcyclopentane (S)-1,1,2-Trimethylcyclopentane 


(g) Recall that hydroboration-oxidation leads to anti-Markovnikov hydration of the double 
bond. 


2, ous ВН + 
CH, 2. H,0,, HO- ~ | 
CH, H CH, 
1,5,5-Trimethylcyclopentene (1S,2S)-2,3,3-Trimethylcyclopentanol (1R,2R)-2,3,3-Trimethylcyclopentanol 


The product has two stereogenic centers. It is formed as a racemic mixture of enantiomers. 


7.40 Hydration of the double bond of aconitic acid (shown in the center) can occur in two regiochemi- 
cally distinct ways: 


OH COH 
о 4 HO,CCH, CO.H 
ноен ноен is ЕЕ. но HO,CCH,CCH,CO,H 
CO,H нос” “н ÓH 
Chiral Aconitic acid Achiral 


(isocitric acid) (citric acid) 

One of the hydration products lacks a stereogenic center. It must be citric acid, the achiral, optically 
inactive isomer. The other one has two different stereogenic centers and must be isocitric acid, the 
optically active isomer. 


7.41 (а) Structures A and B are chiral. Structure C has a plane of symmetry and is an achiral meso 
form. 
(b)  Ozonolysis of the starting material proceeds with the stereochemistry shown. Compound B is 
the product of the reaction. 


CH-—O 
H——H 
H 
HC 5 
5 н——Сн 
EO. ы НС CH—O which is equivalent to Ё 
Е 2. Zn, H,O НС» CH—O H,C——H 
ње x . 
НН 
CH-—O 
Compound B 


(c) Ifthe methyl groups were cis to each other in the cycloalkene, they would be on the same side 
of the Fischer projection in the product. Compound C would be formed. 


7.42 (а) The E2 transition state requires that the bromine and the hydrogen that is lost be antiperipla- 
nar to each other. Examination of the compound given in the problem reveals that loss of 
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bromine and the deuterium will yield trans-2-butene, whereas loss of the bromine and the hy- 
drogen on C-3 will yield cis-2-butene. 


B 
can be redrawn as SAH rotation around S 
ioc euh Pm E iio 
3 ON H4 N C2-C3bod H>% \ 
Dk CH, р CH, 4H 
E2 (-DBr) E2 (-HBr) 
H CH, A P 
C—C =C 
Z N А N 
Н.С H H,C CH, 
trans-2-Butene cis-2-Butene 


The trans-2-butene that forms does not contain deuterium, but cis-2-butene does. 1-Butene 
also contains deuterium. 


Br 
E2 


| 
ee aes 
D D 


1-Butene 
(b) The starting material in part (а) is the erythro isomer. The relative positions of the Н and C at 


C-3 are reversed in the threo isomer. The erythro and threo isomers can be drawn using 
Fischer projections: 


CH, CH, 
Br——H Br——H 
D——H НО 
CH, CH, 
Erythro Threo 


Because the positions of the H and D on C-3 in the threo isomer are opposite that in the 
erythro, the deuterium content of cis- and trans-2-butene would be reversed. trans-2-Butene 
obtained from the threo isomer would contain deuterium, and cis-2-butene would not. 1- 
Butene obtained from the threo isomer would also contain deuterium. 


7.43 Bromine adds to the unknown compound, suggesting the presence of a double bond in addition to 
the five-membered ring. The following are possible structures for the unknown: 


y 


CH, CH, CH, CH, 


Methylenecyclopentane 1-Methylcyclopentene 3-Methylcyclopentene 4-Methylcyclopentene 
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Which of these form diastereomeric dibromides on anti addition of bromine? 
Br, 
— (only product) 
CH, Br CH,Br 


Methylenecyclopentane 


CH. Br Bi CH, 


(enantiomers) 
Br 
C 


3 


1-Methylcyclopentene 


(diastereomers) 


H CH, 


3-Methylcyclopentene 


(enantiomers) 


CH, 


4-Methylcyclopentene 


We are told in the problem that two diastereomeric bromides were formed, thus the compound 
must be 3-methylcyclopentene. 


7.44 Dehydration of this tertiary alcohol can yield 2,3-dimethyl-1-pentene or 2,3-dimethyl-2-pentene. 
Only the terminal alkene in this case is chiral. 


yas ys 
CH,CH,CHC(CH,), аен. + ОНИ С 
H,C OH сн, OM сн, 2718 
2,3-Dimethyl-2-pentanol 2,3-Dimethyl-1-pentene 2,3-Dimethyl-2-pentene 
(chiral, optically pure) (chiral, optically pure) (achiral, optically inactive) 
H,, Pt H,, Pt 


CH,CH,CHCH(CH)), CH,CH,CHCH(CH,), 


CH, CH, 
2,3-Dimethylpentane 2,3-Dimethylpentane 
(chiral, optically pure) (chiral, optically inactive) 


The 2,3-dimethyl-1-pentene formed in the dehydration reaction must be optically pure because it 
arises from optically pure alcohol by a reaction that does not involve any of the bonds to the stereo- 
genic center. When optically pure 2,3-dimethyl-1-pentene is hydrogenated, it must yield optically 
pure 2,3-dimethylpentane—again, no bonds to the stereogenic center are involved in this step. 
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The 2,3-dimethyl-2-pentene formed in the dehydration reaction is achiral and must yield racemic 
2,3-dimethylpentane on hydrogenation. 

Because the alkane is 50% optically pure, the alkene fraction must have contained equal amounts 
of optically pure 2,3-dimethyl-1-pentene and its achiral isomer 2,3-dimethyl-2-pentene. 


7.45 (а) Oxygen may be transferred to either the front face or the back face of the double bond when 
(R)-3-buten-2-ol reacts with a peroxy acid. The structure of the minor stereoisomer was given 
in the problem. The major stereoisomer results from addition to the opposite face of the dou- 


ble bond. 
H, OH 
At peroxy acid + 
— s 
H,C 
H 
(R)-3-Buten-2-ol Minor stereoisomer Major stereoisomer 


(b) The two epoxides have the same configuration (К) at the secondary alcohol carbon, but oppo- 
site configurations at the stereogenic center of the epoxide ring. They are diastereomers. 

(c) In addition to the two diastereomeric epoxides whose structures are shown in the solution to 
part (a), the enantiomers of each will be formed when racemic 3-buten-2-ol is epoxidized. The 
relative amounts of the four products will be: 


H OHO HO H (6) 
P БКА 2 ска Enantiomeric forms of 
Н.С Г CH, H,C ү СН, hn Se 
H H ore 
20% 20% 
H OH cH HO H cH 
P 522 р Sz? Enantiomeric forms of 
Н.С Г О Н.С | O m е 
H H meee 
30% 30% 


7.46-7.49 Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man- 
ual. You should use Learning By Modeling for these exercises. 


SELF-TEST 
PART A 


A-1. For each of the following pairs of drawings, identify the molecules as chiral or achiral and 
tell whether each pair represents molecules that are enantiomers, diastereomers, or identical. 


(a) CH, CH CH, CH 
E 3 « E 3 
А, апа А, 

CH,CH, Cl ст CH,CH, 

(b) H H 
H CH, H CH, 
and 
H,C H H CH, 
Cl Cl 
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Са = geld 
ОН HO 
©) 


(d) CH, CH, 
H—+— Br Br——H 
and 
H——Br H——Br 
CH,CH, CH,CH, 


© 


Specify the configuration of each stereogenic carbon in the preceding problem, using the 
Cahn-Ingold-Prelog R-S system. 


Predict the number of stereoisomers possible for each of the following constitutions. For 
which of these will meso forms be possible? 


CH, CH, 
CI Cl 
(a) (c) M QU EL 
OH 
Br Br Cl 


(b) CH,CHCHCHCH, 


Using the skeletons provided as a guide, 
(a) Draw a perspective view of (2R,3R)-3-chloro-2-butanol. 


"I 


N 
CH, 
(b) Draw а sawhorse diagram of (R)-2-bromobutane. 


CH, 
H-7—H 


(c) Draw Fischer projections of both these compounds. 


Draw Fischer projections of each stereoisomer of 2,3-dichlorobutane. Identify each stereo- 
genic center as R or S. Which stereoisomers are chiral? Which are not? Why? 


(a) The specific rotation of pure (—)-cholesterol is —39?. What is the specific rotation of a 
sample of cholesterol containing 10% (+)-cholesterol and 9096 ( —)-cholesterol. 

(b) If the rotation of optically pure (R)-2-octanol is —10?, what is the percentage of the 
S enantiomer in a sample of 2-octanol that has a rotation of —4°? 
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A-7. Write the organic product(s) expected from each of the following reactions. Show each 
stereoisomer if more than one forms. 
(a)  1,5,5-Trimethylcyclopentene and hydrogen bromide 
(b) (Е)-2-Вшепе and chlorine (CL) 
(c) |(Z)-2-Pentene and peroxyacetic acid 


A-8. Give the IUPAC name, including stereochemistry, for the following: 


CH, OH 
Cl СЊВг »-СЊСН 
(а) gn (b) 
H Br 
H 


А-9. How many stereoisomeric products are obtained from the reaction of (S)-3-chloro-1-butene 
with hydrogen bromide? What is their relationship (enantiomers, diastereomers)? 


A-10. Write the final product of the following reaction sequence, clearly showing its stereochem- 
istry. Is the product achiral, a meso compound, optically active, or a racemic mixture? 


"m H,SO,, heat 1. BH, 
OH T 


— 
2. НО, HO 


PART B 
B-1. The structure of (S)-2-fluorobutane is best represented by 
F H 
| X 
(a) CH,CHCH,CH, (c) SC—FE 
Hc 
© СН.СН, 
R CH, 
(b) ЗОН (d) ЕН 
Н.С” 
3 CH,CH, CH,CH, 


B-2. Which one of the following is chiral? 
(a) 1,1-рОбгото-1-сћогоргорапе 
(b) – 1,1-Dibromo-3-chloropropane 
(c)  1,3-Dibromo-1-chloropropane 
(d)  1,3-Dibromo-2-chloropropane 


B-3. Which of the following compounds are meso forms? 


CH, CH, CH, 
H——OH H——Cl ] 
H——OH Cl——H m 
CH,CH, CH, к 
1 2 3 
(a) lonly (c) land2 


(b Зошу (d) 2and3 
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B-4. The 2,3-dichloropentane whose structure is shown is 


CH, 
H Cl 
Cl H 
СЊСН, 
(a) 2R,3R (b) 2К,35 (c) 2S3R (d) 25,35 
B-5. The separation of a racemic mixture into the pure enantiomers is termed 
(a)  Racemization (c) Isomerization 
(b) Resolution (d)  Equilibration 


B-6. Order the following groups in order of R-S ranking (4 is highest): 


—CH(CH,),  —CH,CHjBBr  —CHjBr —C(CH,), 
A B C D 
4 3 2 1 
(a) C B D A 
(b) A D B C 
(c) C D A B 
(d) C D B A 


В-7. А meso compound 
(а) Is ап achiral molecule that contains stereogenic centers. 
(b) Contains a plane of symmetry or a center of symmetry. 
(c) Is optically inactive. 
(d) Is characterized by all of these. 


B-8. The S enantiomer of ibuprofen is responsible for its pain-relieving properties. Which one of 
the structures shown is (S)-ibuprofen? 


| 
С, C, E di OH 
\ сн, УС 
H Н.С \ 
O 
| 
CH =< 
(b) ava" i (d) =н 
E" C 
C—OH 
# H,C 
O 
B-9. Which one of the following is a diastereomer of (R)-4-bromo-cis-2-hexene? 
(a)  (S$)-4-bromo-cis-2-hexene (d) | (S)-5-bromo-trans-2-hexene 
(b)  (R)-A-bromo-trans-2-hexene (e) | (R)-5-bromo-trans-2-hexene 


(c) | (R)-5-bromo-cis-2-hexene 
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B-10. The reaction sequence 


о 
H || 
\ CH,COOH 
AC—CH-—CH, > 
H,C^4 
CH,CH, 


will yield: 

(a) A pair of products that are enantiomers 
(b) A single product that is optically active 
(c) A pair of products that are diastereomers 
(d) A pair of products one of which is meso 


B-11. Which of the following depict the same stereoisomer? 


CH,CH, СН, CH,CH, 
ві Сас] CH,CH»C-—=cl сн, С-В: 
CH, Br Cl 
1 2 3 


(a) land2 (b) land3 (с) 2and3 (d) 1,2,and3 


B-12. A naturally occurring substance has the constitution shown. How many stereoisomers may 
have this constitution? 


[e 
HO CH,OH 
HO CH—CHCH-CHCH,CH,CH, 
(a) 2 (b) 8 (c) 16 (d) 64 (е) 128 


B-13. Acid-catalyzed hydration of an unknown compound X, C,H,,, yielded as the major product a 
racemic mixture Y, СНО. Which (if any) of the following is (are) likely candidate(s) for X? 


1 3 


(а) 3only (c) land3 (e) None of these 
(b) 2only (d) 2and3 


B-14. The major product(s) from the reaction of Br, with (Z)-3-hexene is (are) 
(a) Optically pure 
(b)  Aracemic mixture of enantiomers 
(c) The meso form 
(d) Both the racemic mixture and the meso form 


CHAPTER 8 


NUCLEOPHILIC 
SUBSTITUTION 


SOLUTIONS TO TEXT PROBLEMS 


8.1 Identify the nucleophilic anion in each reactant. The nucleophilic anion replaces bromine as а sub- 
stituent on carbon. 


(b) Potassium ethoxide serves as a source of the nucleophilic anion CH,CH,O . 


CH,CH,O: +  CHjBr CH;CH,OCH; + Вы 


Ethoxide ion Methyl bromide Ethyl methyl ether Bromide ion 
(nucleophile) (product) 
(c) Ó: Ó: 


Benzoate ion Methyl bromide Methyl benzoate Bromide ion 


(d) Lithium azide is a source of the azide ion. 
Zan ad 
:N=N =N: 


It reacts with methyl bromide to give methyl azide. 


IN=N=Ni + CHi: CHN=N=Ni + ве 


Azide ion Methyl Methyl azide Bromide ion 
(nucleophile) bromide (product) 


(e) The nucleophilic anion in KCN is cyanide (:СЕЕМ:). The carbon atom is negatively charged 
and is normally the site of nucleophilic reactivity. 


:N=C: + CH,Br: 


CH,C=N: + В: 


Cyanide ion Methyl bromide Methyl cyanide Bromide ion 
(nucleophile) (product) 


184 


8.2 


8.3 


8.4 


8.5 


8.6 


NUCLEOPHILIC SUBSTITUTION 185 


(f) The anion in sodium hydrogen sulfide (NaSH) is SH у 


HS: + CH,Br: 


CHSH + ве 


Hydrogen Methyl bromide Methanethiol Bromide ion 
sulfide ion 


(g) Sodium iodide is a source of the nucleophilic anion iodide ion, ER . The reaction of sodium 
iodide with alkyl bromides is usually carried out in acetone to precipitate the sodium bromide 
formed. 


acetone 


17 + CHBr: CHE + Вы 


Iodide ion Methyl bromide Methyl iodide ^ Bromide ion 


Write out the structure of the starting material. Notice that it contains a primary bromide and a pri- 
mary chloride. Bromide is a better leaving group than chloride and is the one that is displaced faster 
by the nucleophilic cyanide ion. 


NaCN 
ethanol—water 


CICH,CH,CH,Br CICH,CH,CH,C=N 


1-Bromo-3-chloropropane 4-Chlorobutanenitrite 
No, the two-step sequence is not consistent with the observed behavior for the hydrolysis of methyl 


bromide. The rate-determining step in the two-step sequence shown is the first step, ionization of 
methyl bromide to give methyl cation. 


slow 


1. CH,Br СН; + Br 


fast 


2. СН; + НО" СЊОН 

In such a sequence the nucleophile would not participate in the reaction until after the rate- 
determining step is past, and the reaction rate would depend only on the concentration of methyl 
bromide and be independent of the concentration of hydroxide ion. 


Rate = k[CH,Br] 


The predicted kinetic behavior is first order. Second order kinetic behavior is actually observed for 
methyl bromide hydrolysis, so the proposed mechanism cannot be correct. 


Inversion of configuration occurs at the stereogenic center. When shown in a Fischer projection, 
this corresponds to replacing the leaving group on the one side by the nucleophile on the opposite 
side. 


CH, CH, 
н–ј-вг пр НО | H 
CH,(CH,),CH; CH,(CH,),CH, 
(S)-(+)-2-Bromooctane (R)-(—)-2-Octanol 


The example given in the text illustrates inversion of configuration in the S,2 hydrolysis of 
(S)-(+)-2-bromooctane, which yields (R)-(—)-2-octanol. The hydrolysis of (R)-(—)-2-bromooctane 
exactly mirrors that of its enantiomer and yields (S)-(+)-2-octanol. 

Hydrolysis of racemic 2-bromooctane gives racemic 2-octanol. Remember, optically inactive 
reactants must yield optically inactive products. 


Sodium iodide in acetone is a reagent that converts alkyl chlorides and bromides into alkyl io- 
dides by an S,2 mechanism. Pick the alkyl halide in each pair that is more reactive toward S42 
displacement. 
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(b) The less crowded alkyl halide reacts faster in an S42 reaction. 1-Bromopentane is a primary 
alkyl halide and so is more reactive than 3-bromopentane, which is secondary. 


BrCH,CH,CH,CH,CH, сен CHC 
Br 
1-Bromopentane 3-Bromopentane 
(primary; more reactive in 5,2) (secondary; less reactive in 52) 


(c) Both halides are secondary, but fluoride is a poor leaving group in nucleophilic substitution 
reactions. Alkyl chlorides are more reactive than alkyl fluorides. 


совае иЕе 


СІ Е 
2-Chloropentane 2-Fluoropentane 
(more reactive) (less reactive) 


(d) А secondary alkyl bromide reacts faster under 5,2 conditions than a tertiary one. 


CH, 
CH,CHCH,CH,CHCH, ёп сонетонён, 
7 a "E 
2-Bromo-5-methylhexane 2-Bromo-2-methylhexane 
(secondary; more reactive in 5,2) (tertiary; less reactive in Sy2) 


(e) The number of carbons does not matter as much as the degree of substitution at the reaction 
site. The primary alkyl bromide is more reactive than the secondary. 


BrCH,(CH,),CH, CHE, 
Br 
1-Bromodecane 2-Bromopropane 
(primary; more reactive in S42) (secondary; less reactive in Sy2) 


8.7 Nitrite ion has two potentially nucleophilic sites, oxygen and nitrogen. 


Ó—N—( + “RG: Ó—N—Ü—R + dr 
Nitrite ion Alkyl iodide Alkyl nitrite Iodide ion 
©: Коу 
М О | — Ув + г 
a 0 
Nitrite ion Alkyl iodide Nitroalkane Iodide ion 


Thus, an alkyl iodide can yield either an alkyl nitrite or a nitroalkane depending on whether the oxy- 
gen or the nitrogen of nitrite ion attacks carbon. Both do, and the product from 2-iodooctane is a 
mixture of 


сева and сыеша, 
ОМО NO, 
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8.8  Solvolysis of alkyl halides in alcohols yields ethers as the products of reaction. 


(CH,),CBr + CH,OH 


(CHj,COCH, + HBr 


tert-Butyl Methanol tert-Butyl methyl Hydrogen 
bromide ether bromide 


The reaction proceeds by ап 5,1 mechanism. 


HS sl we i 
(cuj cis —* > (Hoch + BR 
tert-Butyl tert-Butyl Bromide 
bromide cation ion 
LS P ui fast V ge 
(СНС + О (CH;);C—.O 
N у N 
H H 
tert-Butyl Methanol tert-Butyloxonium 
cation ion 
‚СН 
(CH,),;C—*0% + В: (CHj,C—ÓCH, + H—Br: 
tert-Butyloxonium Bromide tert-Butyl Hydrogen 
ion ion methyl ether bromide 


8.9 The reactivity of an alkyl halide in an 5,1 reaction is dictated by the ease with which it ionizes to 
form a carbocation. Tertiary alkyl halides are the most reactive, methyl halides the least reactive. 


(b)  Cyclopentyl iodide ionizes to form a secondary carbocation, and the carbocation from 
]-methylcyclopentyl iodide is tertiary. The tertiary halide is more reactive. 


> < 


Н.С” ^I H “I 
1-Methylcyclopentyl iodide Cyclopentyl iodide 
(tertiary; more reactive in 5,1) (secondary; less reactive in Sy1) 


(c) | Cyclopentyl bromide ionizes to a secondary carbocation. 1-Bromo-2,2-dimethyl-propane is a 
primary alkyl halide and is therefore less reactive. 


(CH,),CCH,Br 
H Br 

Cyclopentyl bromide 1-Bromo-2,2-dimethylpropane 

(secondary; more reactive in 5,1) (primary; less reactive in $1) 


(d) Iodide is a better leaving group than chloride in both Sy1 and 5,2 reactions. 


(СН,),СІ (СН) ССІ 


tert-Butyl iodide tert-Butyl chloride 
(more reactive) (less reactive) 
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8.10 The alkyl halide is tertiary and so undergoes hydrolysis by ап S41 mechanism. The carbocation can 
be captured by water at either face. A mixture of the axial and the equatorial alcohols is formed. 


CH, 


Ка. 
Н.С 


cis-1,4-Dimethylcyclohexyl bromide 


| 


H H 
[e CH, CH, 
H,O + H,O 
CH, ——— OH 
H,C Н.С НС 
trans-1,4-Dimethylcyclohexanol Carbocation intermediate cis-1,4-Dimethylcyclohexanol 


The same two substitution products are formed from trans-1,4-dimethylcyclohexyl bromide be- 
cause it undergoes hydrolysis via the same carbocation intermediate. 


8.14 Write chemical equations illustrating each rearrangement process. 


Hydride shift: 
au M 
H,C—C—CCH, > H,C—C—C 
Ew ШЕ 
Tertiary carbocation 
Methyl shift: 
H H H H 
|) | 
H,C—C—C—CH, ‚о нее 


Secondary carbocation 


Rearrangement by a hydride shift is observed because it converts a secondary carbocation to a more 
stable tertiary one. A methyl shift gives a secondary carbocation—in this case the same carbocation 
as the one that existed prior to rearrangement. 


8.12 (b) Ethyl bromide is a primary alkyl halide and reacts with the potassium salt of cyclohexanol by 


substitution. 
CH,CH,Br + ФЕ ( )—оснен, 


Ethyl bromide Potassium Cyclohexyl ethyl ether 
cyclohexanolate 


(c) No strong base is present in this reaction; the nucleophile is methanol itself, not methoxide. It 
reacts with sec-butyl bromide by substitution, not elimination. 


CH,OH 
CH,CHCH,CH, ————  CH,CHCH,CH, 


| 
Br OCH, 


sec-Butyl bromide sec-Butyl methyl ether 
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(d) Secondary alkyl halides react with alkoxide bases by E2 elimination. 


NaOCH 
Саев сон" СН:СН==СНСН, + H,C=CHCH,CH, 
Вг 
sec-Butyl bromide 2-Butene 1-Butene 


(major product; mixture 
of cis and trans) 


8.13 Alkyl p-toluenesulfonates are prepared from alcohols and p-toluenesulfonyl chloride. 


О О 
ДА \ | pyridine | 
CH,(CH,),,CH;OH + Н.С {© > CHACH), CHOX CH, + HCI 
О О 
1-Octadecanol p-Toluenesulfonyl Octadecyl p-toluenesulfonate Hydrogen 
chloride chloride 


8.14 Asin part (a), identify the nucleophilic anion in each part. The nucleophile replaces the p-toluene- 
sulfonate (tosylate) leaving group by ар 5,2 process. The tosylate group is abbreviated as OTs. 


(b) Го +  CH,(CH,),,CH,OTs CH,CHj,CHJ + ТО” 


Iodide Octadecyl Octadecyl p-Toluenesulfonate 
ion p-toluenesulfonate iodide anion 


(c) C=N + CH,(CH,),,CH,OTs 


CH,(CH,),,CH,C=N + TsO” 


Cyanide Octadecyl Octadecyl p-Toluenesulfonate 
ion p-toluenesulfonate cyanide anion 


(d) HS” + CH4CHj,CH,OTs CH,(CH,),,CH,SH + TsO 


Hydrogen Octadecyl 1-Octadecanethiol p-Toluenesulfonate 
sulfide ion p-toluenesulfonate anion 
(e) 
CH,CH,CH,CH,S^ + CH,(CH,),.CH,OTs CH,(CH,),,CH,SCH,CH,CH,CH, + TsO” 
Butanethiolate Octadecyl Butyl octadecyl p-Toluenesulfonate 
ion p-toluenesulfonate thioether anion 


8.15 The hydrolysis of (S)-(4-)-1-methylheptyl p-toluenesulfonate proceeds with inversion of configura- 
tion, giving the R enantiomer of 2-octanol. 


CH,(CH,),# Снн, 
5—01 HO—C 
Н.С CH, 
(S)-(-)-1-Methylheptyl (R)-(—)-2-Octanol 


p-toluenesulfonate 


In Section 8.14 of the text we are told that optically pure (S)-(4-)-1-methylheptyl p-toluenesulfonate 
is prepared from optically pure (S)-(+)-2-octanol having a specific rotation [018 +9.9°. The 
conversion of an alcohol to a p-toluenesulfonate proceeds with complete retention of configuration. 
Hydrolysis of this p-toluenesulfonate with inversion of configuration therefore yields optically pure 
(R)-(—)-2-octanol of [a]p —9.9°. 
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8.16 Protonation of 3-methyl-2-butanol and dissociation of the alkyloxonium ion gives a secondary 
carbocation. A hydride shift yields a tertiary, and thus more stable, carbocation. Capture of this car- 
bocation by chloride ion gives the major product, 2-chloro-2-methylbutane. 


сва ОЧ 


OH 
3-Methyl-2-butanol 


HCl 


a hydride + 
CH,CHCH(CH,, + СН,СН,С(СН,), 
Secondary carbocation; Tertiary carbocation; 

less stable more stable 

ст ст 
CH,CHCH(CH,), CH,CH, C(CH,), 
Cl Cl 
2-Chloro-3-methylbutane 2-Chloro-2-methylbutane 
(trace) (major product; ~97%) 


8.17 1-Bromopropane is a primary alkyl halide, and so it will undergo predominantly 5,2 displacement 
regardless of the basicity of the nucleophile. 


(a) CH,CH,CH,Br 


1-Bromopropane 


(b CH,CH,CH,Br 


(c) CH,CH,CH,Br 


(d) CH,CH,CH,Br 


(€) CH,CH,CH,Br 


(f) CH,CH,CH,Br 


(g) CH,CH,CH,Br 


Nal 
acetone 


| 
CH,CONa 


acetic acid 


NaOCH,CH, 
SS 


ethanol 


NaN, 


ЕНЕ = 
ethanol-water 


NaSH 
ethanol 


NaSCH, 


ethanol 


CH,CH,CH,I 


1-Iodopropane 


| 
CH,CH,CH,OCCH, 


Propyl acetate 


CH,CH,CH,OCH,CH, 


Ethyl propyl ether 


CH,CH,CH,CN 


Butanenitrite 


CH,CH,CH,N;, 


1-Azidopropane 
CH,CH,CH,SH 


1-Propanethiol 


CH,CH,CH,SCH, 


Methyl propyl sulfide 


8.18 Elimination is the major product when secondary halides react with anions as basic as or more basic 
than hydroxide ion. Alkoxide ions have a basicity comparable with hydroxide ion and react with 
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secondary halides to give predominantly elimination products. Thus ethoxide ion [part (c)] will react 
with 2-bromopropane to give mainly propene. 


(a) 


(b) 


(c) 


(d) 


(e) 


Gf) 


(g) 


NaOCH,CH, 
нен, ——À—3» CH,CH=CH, 


Вг 


Ргорепе 


The substrate is a primary alkyl bromide and reacts with sodium iodide in acetone to give the 
corresponding iodide. 


| | 
BrCH,COCH,CH, —— ICH,COCH,CH, 
Ethyl bromoacetate Ethyl iodoacetate (89%) 


Primary alkyl chlorides react with sodium acetate to yield the corresponding acetate esters. 


i O 
CH,CONa А \ | 
ON СН, — 3 —-» ОМ CH,OCCH, 
acetic acid се 
p-Nitrobenzyl chloride p-Nitrobenzyl acetate (78-82%) 


The only leaving group in the substrate is bromide. Neither of the carbon-oxygen bonds is 
susceptible to cleavage by nucleophilic attack. 


NaCN 


CH,CH,OCH,CH)Br 9". CH,CH,OCH,CH,CN 
2-Bromoethyl ethyl ether 2-Cyanoethyl ethyl ether 
(52-58%) 


Hydrolysis of the primary chloride yields the corresponding alcohol. 


H,O, HO™ 
nc сна ——— хс-( )-сњон 


p-Cyanobenzyl chloride p-Cyanobenzyl alcohol (85%) 


The substrate is a primary chloride. 


О 

|| мам, || 
CICH,COC(CH;), === N,CH,COC(CH,), 
tert-Butyl chloroacetate tert-Butyl azidoacetate (92%) 


Primary alkyl tosylates yield iodides on treatment with sodium iodide in acetone. 


О CH; i О CH, 
P acetone Жен 
СН 
воен. 9 les ICH ve Eod 
(2,2-Dimethyl-1,3-dioxolan-4-y1)- 2,2-Dimethyl-4-(iodomethyl)- 
methyl p-toluenesulfonate 1,3-dioxolane (60%) 


Sulfur displaces bromide from ethyl bromide. 


dq eee + CH,CH,Br 0 ges 
Sodium (2-furyl)- Ethyl bromide Ethyl (2-furyl)methyl 


methanethiolate sulfide (80%) 
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(h) The first reaction is one in which a substituted alcohol is converted to a p-toluenesulfonate 
ester. This is followed by an S42 displacement with lithium iodide. 


OCH, OCH, 

CH,O CH,CH,CH,CH,OH zn CHO CH,CH,CH,CH,OTs 
pyridine (62%) 

CH,O CH,O 


4-(2,3,4- Trimethoxyphenyl)-1-butanol 
Lil, acetone (8896) 


M 


OCH, 


јр 
сно ~ 


4-(2,3,4- Trimethoxyphenyl)-1-butyl iodide 


8.20  Thetwo products are diastereomers of each other. They are formed by bimolecular nucleophilic sub- 
stitution (S42). In each case, a good nucleophile (C,H;S ) displaces chloride from a secondary 


carbon with inversion of configuration. 

LC C(CH;) 
on 
trans-4-tert-Butylcyclohexyl Sodium cis-A-tert-Butylcyclohexyl phenyl sulfide 

chloride benzenethiolate 


(a) The trans chloride yields a cis substitution product. 


(b) The cis chloride yields a trans substitution product. 


ERES $ nist y = V os 
һ Ој 


cis-4-tert-Butylcyclohexyl Sodium trans-A-tert-Butylcyclohexyl phenyl 
chloride benzenethiolate sulfide 


8.21 The isomers of C,H,Cl are: 


CH,CH,CH,CH,CI CH,CHCH.CI 
бн, 
1-Chlorobutane 1-Chloro-2-methylpropane 
(n-butyl chloride) (isobutyl chloride) 
CH, 
CH,CHCH,CH, died 
о бн, 
2-Chlorobutane 2-Chloro-2-methylpropane 
(sec-butyl chloride) (tert-butyl chloride) 


The reaction conditions (sodium iodide in acetone) are typical for an 5,2 process. 


8.22 


8.23 
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The order of 5,2 reactivity is primary > secondary > tertiary, and branching of the chain close 
to the site of substitution hinders reaction. The unbranched primary halide n-butyl chloride will 
be the most reactive and the tertiary halide tert-butyl chloride the least. The order of reactivity 
will therefore be: 1-chlorobutane > 1-chloro-2-methylpropane > 2-chlorobutane > 2-chloro-2- 
methylpropane. 


1-Chlorohexane is a primary alkyl halide; 2-chlorohexane and 3-chlorohexane are secondary. 


CH,CH,CH,CH,CH,CH,Cl cH НОВА енш, 


Cl Cl 
1-Chlorohexane 2-Chlorohexane 3-Chlorohexane 
(primary) (secondary) (secondary) 


Primary and secondary alkyl halides react with potassium iodide in acetone by an S42 mechanism, 
and the rate depends on steric hindrance to attack on the alkyl halide by the nucleophile. 


(a) Primary alkyl halides are more reactive than secondary alkyl halides in S,2 reactions. 
1-Chlorohexane is the most reactive isomer. 

(b) Substituents at the carbon adjacent to the one that bears the leaving group slow down the rate 
of nucleophilic displacement. In 2-chlorohexane the group adjacent to the point of attack is 
СН,. In 3-chlorohexane the group adjacent to the point of attack is СН,СН,. 2-Chlorohexane 
has been observed to be more reactive than 3-chlorohexane by a factor of 2. 


(a) Iodide is a better leaving group than bromide, and so 1-iodobutane should undergo 5,2 attack 
by cyanide faster than 1-bromobutane. 

(b) Тһе reaction conditions are typical for an S42 process. The methyl branch in 1-chloro- 
2-methylbutane sterically hinders attack at C-1. The unbranched isomer, 1-chloropentane, re- 
acts faster. 


CH, 


| 
CH,CH,CHCH,Cl — CH,CH,CH;CH,CH.CI 


1-Chloro-2-methylbutane ]-Chloropentane is less 
is more sterically sterically hindered, 
hindered, therefore therefore more 
less reactive. reactive. 


(c)  Hexyl chloride is a primary alkyl halide, and cyclohexyl chloride is secondary. Azide ion is a 
good nucleophile, and so the S42 reactivity rules apply; primary is more reactive than 


secondary. 
Cl 
CH,CH,CH,CH,CH,CH,C1 E 


Hexyl chloride is primary, Cyclohexyl chloride is secondary, 
therefore more reactive in 5,2. therefore less reactive in S42. 


(d) 1-Bromo-2,2-dimethylpropane is too hindered to react with the weakly nucleophilic ethanol 
by an S42 reaction, and since it is a primary alkyl halide, it is less reactive in S1 reactions. 
tert-Butyl bromide will react with ethanol by an S,1 mechanism at a reasonable rate owing to 
formation of a tertiary carbocation. 


(CH;,CBr (CH,),CCH,Br 
tert-Butyl bromide; 1-Bromo-2,2-dimethylpropane; 
more reactive in relatively unreactive in nucleophilic 


541 solvolysis substitution reactions 
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(e) Solvolysis of alkyl halides in aqueous formic acid is faster for those that form carbocations 
readily. The 5,1 reactivity order applies here: secondary > primary. 


нЕ (CH,),CHCH,Br 
Br 
sec-Butyl bromide; secondary, Isobutyl bromide; primary, 
therefore more reactive in 5,1 therefore less reactive in S1 


(f) 1-Chlorobutane is a primary alkyl halide and so should react by an S,2 mechanism. Sodium 
methoxide is more basic than sodium acetate and is a better nucleophile. Reaction will occur 
faster with sodium methoxide than with sodium acetate. 

(g) Azide ion is a very good nucleophile, whereas p-toluenesulfonate is a very good leaving group 
but a very poor nucleophile. In an S42 reaction with 1-chlorobutane, sodium azide will react 
faster than sodium p-toluenesulfonate. 


8.24 There are only two possible products from free-radical chlorination of the starting alkane: 


CI 
(CH,),CCH,C(CH,), = (CH,),CCH,C(CH,), + (CH,),CCHC(CH)) 
CH,CI cl 
2,2,4,4-Tetramethylpentane 1-Chloro-2,2,4,4- 3-Chloro-2,2,4,4- 
tetramethylpentane tetramethylpentane 
(primary) (secondary) 


As revealed by their structural formulas, one isomer is a primary alkyl chloride, the other is sec- 
ondary. The problem states that the major product (compound A) undergoes 5,1 hydrolysis much 
more slowly than the minor product (compound B). Since secondary halides are much more reactive 
than primary halides under S41 conditions, the major (unreactive) product is the primary alkyl 
halide 1-chloro-2,2,4,4-tetramethylpentane (compound A) and the minor (reactive) product is the 
secondary alkyl halide 3-chloro-2,2,4,4-tetramethylpentane (compound B). 


8.25 (a) The two most stable Lewis structures (resonance forms) of thiocyanate are: 


G$—CmN:D <— :$=с=Йг 


(b) The two Lewis structures indicate that the negative charge is shared by two atoms: S and N. 
Thus thiocyanate ion has two potentially nucleophilic sites, and the two possible products are 


KSCN 


CH,CH,CH,CH,Br — уе 


CH,CH,CH,CH,—S—C=N: + CH,CH,CH,CH,—N=C=S: 


1-Bromobutane Butyl thiocyanate Butyl isothiocyanate 


(c) Sulfur is more polarizable than nitrogen and is more nucleophilic. The major product is butyl 
thiocyanate and arises by attack of sulfur of thiocyanate on butyl bromide. 


8.26 Using the unshared electron pair on its nitrogen, triethylamine acts as a nucleophile in an 542 
reaction toward ethyl iodide. 


QU c = 
(СНСНУМ + en —— (CH,CH,),N* I 
CH, 
Triethylamine Ethyl iodide Tetraethylammonium iodide 


The product of the reaction is a salt and has the structure shown. The properties given in the prob- 
lem (soluble in polar solvents, high melting point) are typical of those of an ionic compound. 


8.27 


8.28 


8.29 
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This reaction has been reported in the chemical literature and proceeds as shown (91% yield): 


CH,CH, £ CH,CH, < 
C—CH,Br —u— E —CH,I 
HC Н.С 
(S)-1-Bromo-2-methylbutane (S)-1-Iodo-2-methylbutane 


Notice that the configuration of the product is the same as the configuration of the reactant. This is 
because the stereogenic center is not involved in the reaction. When we say that S42 reactions pro- 
ceed with inversion of configuration we refer only to the carbon at which substitution takes place, 
not a stereogenic center elsewhere in the molecule. 


(a) The starting material incorporates both a primary chloride and a secondary chloride. The 
nucleophile (iodide) attacks the less hindered primary position. 


Nal 


сны ноен, _ БЕН но 
С1 С1 
1,3-Dichloropentane 3-Chloro-1-iodopentane 
(СУН СП) 


(b)  Nucleophilic substitution of the first bromide by sulfur occurs in the usual way. 
E „С Cx Em т 
:SCH,CH,S: + СН,--Вг ——~  :SCH;CH,SCH;CH,Br 
CH,—Br 


The product of this step cyclizes by way of an intramolecular nucleophilic substitution. 


CH,—CH 
ИУ rr IVER, fe Nez 
:5 * —— 5 $ 
NCH =сн; == 

С 1,4-Dithiane (C4HgS>) 

Br 


(c) The nucleophile is a dianion (527). Two nucleophilic substitution reactions take place; the sec- 
ond of the two leads to intramolecular cyclization. 


S 
P dip" | we: , 
32 + esca CH, uoo € Ј 
CH;CH;CH;CI СН» СН» 


Thiolane (C4HgS) 


(a) Methyl halides are unhindered and react rapidly by the 5,2 mechanism. 

(b) Sodium ethoxide is a good nucleophile and will react with unhindered primary alkyl halides 
by the S42 mechanism. 

(c) Сустоћеху! bromide is a secondary halide and will react with a strong base (sodium ethoxide) 
predominantly by the E2 mechanism. 

(d) The tertiary halide tert-butyl bromide will undergo solvolysis by the 5,1 mechanism. 

(e) The presence of the strong base sodium ethoxide will cause the E2 mechanism to predominate. 

(f) Concerted reactions are those which occur in a single step. The bimolecular mechanisms S42 
and E2 represent concerted processes. 

(e) Ша stereospecific reaction, stereoisomeric reactants yield products that are stereoisomers of 
each other. Reactions that occur by the S42 and E2 mechanisms are stereospecific. 
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(h) The unimolecular mechanisms 5,1 and El involve the formation of carbocation intermediates. 

(i) Rearrangements are possible when carbocations are intermediates in a reaction. Thus reac- 
tions occurring by ће S,1 and El mechanisms are most likely to have a rearranged carbon 
skeleton. 

(j) Iodide is a better leaving group than bromide, and alkyl iodides will react faster than alkyl 
bromides by any of the four mechanisms $31, Sy2, БІ, and E2. 


8.30 (a)  Cyclopentyl cyanide can be prepared from a cyclopentyl halide by a nucleophilic substitution 
reaction. The first task, therefore, is to convert cyclopentane to a cyclopentyl halide. 


light or heat 
+ су —M, ат Bd 


Cyclopentane Chlorine Cyclopentyl Hydrogen 
chloride chloride 
thanol—water 
+ Nacn CMT. Se + NaCl 
‘So or DMSO CN 
Cyclopentyl Sodium Cyclopentyl Sodium 
chloride cyanide cyanide chloride 


An analogous sequence involving cyclopentyl bromide could be used. 
(b) | Cyclopentene can serve as a precursor to a cyclopentyl halide. 


Фа но 
Вг 


Cyclopentene Hydrogen Cyclopentyl 
bromide bromide 


Once cyclopentyl bromide has been prepared, it is converted to cyclopentyl cyanide by 
nucleophilic substitution, as shown in part (a). 

(c) Reaction of cyclopentanol with hydrogen bromide gives cyclopentyl bromide. Then 
cyclopentyl bromide can be converted to cyclopentyl cyanide, as shown in part (a). 


ger о 
OH Br 


(d) Twocyano groups are required here, both of which must be introduced in nucleophilic substi- 
tution reactions. The substrate in the key reaction is BrCH,CH,Br. 


ethanol—water or = => 
BrCH,CH,Br + 2NaCN "селе. МЕЕССН,СН,С=М 


1,2-Dibromoethane Sodium 1,2-Dicyanoethane 
cyanide 


1,2-Dibromoethane is prepared from ethylene. The overall synthesis from ethyl alcohol is 
therefore formulated as shown: 


H,SO, Br, 


CH, = CH, NaCN 


CH,CH,OH BrCH,CH,Br NCCH,CH,CN 


heat 


Ethyl alcohol Ethylene 1,2-Dibromoethane 1,2-Dicyanoethane 


(e) In this synthesis a primary alkyl chloride must be converted to a primary alkyl iodide. This is 
precisely the kind of transformation for which sodium iodide in acetone is used. 
(CHj,CHCH,C] + Nal —“S*~ (CH,),CHCH,I + NaCl 


Isobutyl chloride Sodium Isobutyl iodide Sodium 
iodide chloride 


NUCLEOPHILIC SUBSTITUTION 197 


(f) First convert tert-butyl chloride into an isobutyl halide. 


NaOCH, HBr 
и 


(CH4,CCI (CHj),C—CH, 98. (CH,),CHCH,Br 
tert-Butyl 2-Methylpropene Isobutyl bromide 
chloride 


Treating isobutyl bromide with sodium iodide in acetone converts it to isobutyl iodide. 


Nal 


(CH,),CHCH,Br_ — М (CH), CHCH,I 
Isobutyl bromide Isobutyl iodide 
A second approach is by way of isobutyl alcohol. 
NaOCH, 1. BH, 
(CH,),CC1 (CH45C—CH, -no no? (СНЗСНСН,ОН 
TIU, 
tert-Butyl 2-Methylpropene Isobutyl alcohol 
chloride 


Isobutyl alcohol is then converted to its p-toluenesulfonate ester, which reacts with sodium 
iodide in acetone in a manner analogous to that of isobutyl bromide. 

(g) First introduce a leaving group into the molecule by converting isopropyl alcohol to an iso- 
propyl halide. Then convert the resulting isopropyl halide to isopropyl azide by a nucleophilic 
substitution reaction 


HBr NaN, 
CELCHOR, О НЕН CH,CHCH, 
ÓH Br N, 
Isopropyl alcohol Isopropyl bromide Isopropyl azide 


(ћу In this synthesis 1-propanol must be first converted to an isopropyl halide. 


H,SO, = HBr 
CH,CH,CH,OH —>—— CH,CH=CH, > сна 
Вг 
1-Propanol Propene Isopropyl bromide 


After an isopropyl halide has been obtained, it can be treated with sodium azide as in part (g). 
(i) First write out the structure of the starting material and of the product so as to determine their 
relationship in three dimensions. 


CH, H DICH, 
C—OH NEU 
CHCH, CH,CH, 


(R)-sec-Butyl alcohol (S)-sec-Butyl azide 


The hydroxyl] group must be replaced by azide with inversion of configuration. First, however, 
a leaving group must be introduced, and it must be introduced in such a way that the configu- 
ration at the stereogenic center is not altered. The best way to do this is to convert (R)-sec- 
butyl alcohol to its corresponding p-toluenesulfonate ester. 


CH, H p-toluenesulfonyl сњ | 
Мон ES 
CH,CH; СН.СН, d 


(R)-sec-Butyl alcohol (R)-sec-Butyl p-toluenesulfonate 
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Next, convert the p-toluenesulfonate to the desired azide by an S42 reaction. 


O H 
cH, H CH 
AE NaN = 3 
р. os— 7 CH, — N e^ 
CH,CH; | z CH,CH, 
(R)-sec-Butyl p-toluenesulfonate (S)-sec-Butyl azide 


(j) This problem is carried out in exactly the same way as the preceding one, except that the 
nucleophile in the second step is HS . 


CH! p-toluenesulfonyl CH | i CH, 
он viding 7 tos усн dim 
CH,CH, CH,CH, { CH,CH, 
(R)-sec-Butyl alcohol (R)-sec-Butyl p-toluenesulfonate (S)-2-Butanethiol 


8.31 (a) Тһе two possible combinations of alkyl bromide and alkoxide ion that might yield tert-butyl 
methyl ether are 


fas 
1. CHBr + (CHjQCO- + . (CHj,COCH, 
Methyl bromide tert-Butoxide tert-Butyl methyl ether 
ion 
2. CH,O- + (CHj,CBr 9% + — (CHj4COCH, 
Methoxide ion tert-Butyl bromide tert-Butyl methyl ether 


We choose the first approach because it is an S42 reaction on the unhindered substrate, methyl 
bromide. The second approach requires an S,2 reaction on a hindered tertiary alkyl halide, a 
very poor choice. Indeed, we would expect that the reaction of methoxide ion with tert-butyl 
bromide could not give any ether at all but would proceed entirely by E2 elimination: 


CH,O + (CH,),CBr — > CH,OH + CH,—C(CH,), 
Methanol 2-Methylpropene 


(b) Again, the better alternative is to choose the less hindered alkyl halide to permit substitution 
to predominate over elimination. 


[ок + CHBr — + | > осн, 


Potassium Methyl Cyclopentyl 


cyclopentoxide bromide methyl ether 
An attempt to prepare this compound by the reaction 


[а + CH,ONa | > осн, 


Chlorocyclopentane Sodium Cyclopentyl 
methoxide methyl ether 


gave cyclopentyl methyl ether in only 24% yield. Cyclopentene was isolated in 31% yield. 
(c) A2,2-dimethylpropy] halide is too sterically hindered to be a good candidate for this synthesis. 
The only practical method is 


(CHj,CCH,OK + CH,CH,Br 


(CH,),;CCH,OCH,CH, 


Potassium Bromoethane Ethyl 2,2-dimethylpropyl 
2,2-dimethylpropoxide ether 
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8.32 (a) The problem states that the reaction type is nucleophilic substitution. Sodium acetylide 
is therefore the nucleophile and must be treated with an alkyl halide to give the desired 
product. 


Na*:C=CH +  CH,CH,Br 


CH,CH,C=CH + NaBr 


Sodium acetylide Ethyl bromide 1-Butyne Sodium bromide 


(b) The acidity data given in the problem for acetylene tell us that HC==CH is a very weak acid 
(К, = 107), so that sodium acetylide must be a very strong base—stronger than hydroxide 
ion. Elimination by the E2 mechanism rather than 5,2 substitution is therefore expected to be 
the principal (probably the exclusive) reaction observed with secondary and tertiary alkyl 
halides. The substitution reaction will work well with primary alkyl halides but will likely fail 
for secondary and tertiary ones. Alkynes such as (CH,),CHC==CH and (CH,),CC==CH 
could not be prepared by this method. 


8.33 The compound that reacts with trans-4-tert-butylcyclohexanol is a sulfonyl chloride and converts 
the alcohol to the corresponding sulfonate. 


pyridine Soso Sw. 
af 7 OH FON soci ==. (cuc 


Compound A 


(СНУ); 


Reaction of compound A with lithium bromide in acetone effects displacement of the sulfonate leav- 
ing group by bromide with inversion of configuration. 


Br 
eg E NO, ‘eens ^ (СНС 
(СНС 
Compound А cis-1-Bromo-4-tert-butylcyclohexane 


Compound B 


8.34 (a) To convert trans-2-methylcyclopentanol to cis-2-methylcyclopentyl acetate the hydroxyl 
group must be replaced by acetate with inversion of configuration. Hydroxide is a poor 
leaving group and so must first be converted to a good leaving group. The best choice is 
p-toluenesulfonate, because this can be prepared by a reaction that alters none of the bonds to 
the stereogenic center. 


p-toluenesulfonyl 
РЕ ан MU сы LL 8 
А chloride, pyridine а 
HC OH HC Отв 


trans-2-Methylcyclopentanol trans-2-Methylcyclopentyl 
p-toluenesulfonate 


Treatment of the p-toluenesulfonate with potassium acetate in acetic acid will proceed with in- 
version of configuration to give the desired product. 


| 
КОССН, 
— > 
acetic acid 


Н.С OTs Н.С SEHE 


trans-2-Methylcyclopentyl cis-2-Methylcyclopentyl 
p-toluenesulfonate acetate 
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(b) To decide on the best sequence of reactions, we must begin by writing structural formulas to 
determine what kinds of transformations are required. 


H HC oron 
О 
1-Methylcyclopentanol cis-2-Methylcyclopentyl 


acetate 


We already know from part (a) how to convert trans-2-methylcyclopentanol to cis-2-methyl- 
cyclopentyl acetate. So all that is really necessary is to design a synthesis of trans-2-methyl- 
cyclopentanol. Therefore, 


H,SO, 1. ВН, 
heat 2. НО», HO™ 
E od HC ње он 


1-Methylcyclopentanol 1-Methylcyclopentene trans-2-Methylcyclopentanol 


Hydroboration-oxidation converts 1-methylcyclopentene to the desired alcohol by anti- 
Markovnikov syn hydration of the double bond. The resulting alcohol is then converted to its 
p-toluenesulfonate ester and treated with acetate ion as in part (a) to give cis-2-methyl- 
cyclopentyl acetate. 


8.35 (a) The reaction of an alcohol with a sulfonyl chloride gives a sulfonate ester. The oxygen of the 
alcohol remains in place and is the atom to which the sulfonyl group becomes attached. 


CH, CH, 


CH,SO,Cl j 
pyridine 
CH,CH, CH,CH, 
(S)-(+)-2-Butanol (S)-sec-Butyl methanesulfonate 


(b)  Sulfonate is similar to iodide in its leaving-group behavior. The product in part (a) is attacked 
by NaSCH;CH, in an S42 reaction. Inversion of configuration occurs at the stereogenic center. 


CH, CH, 
NaSCH,CH, : 
H—{-0S0,CH, ——— CH.CH,S-]-H 
CH,CH, CH,CH, 
(S)-sec-Butyl methanesulfonate (R)-( —)-sec-Butyl ethyl sulfide 


(c) In this part of the problem we deduce the stereochemical outcome of the reaction of 2-butanol 
with PBr,. We know the absolute configuration of (+)-2-butanol (5) from the statement of the 
problem and the configuration of ( —)-sec-butyl ethyl sulfide (R) from part (5). We аге told that 
the sulfide formed from (--)-2-butanol via the bromide has a positive rotation. It must there- 
fore have the opposite configuration of the product in part (5). 


CH, CH, 
РВг; NaSCH,CH, 
нон — > CH,CHCH,CH, ——— H—[-SCH,CH, 
CH,CH, | CH,CH, 


(S)-(+)-2-Butanol 2-Bromobutane (S)-(+)-sec-Butyl ethyl sulfide 


8.36 
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(d) 


(a) 


(b) 


(c) 


Since the reaction of the bromide with NaSCH,CH, proceeds with inversion of configuration 
at the stereogenic center, and since the final product has the same configuration as the starting 
alcohol, the conversion of the alcohol to the bromide must proceed with inversion of configu- 
ration. 


CH, CH, 
РВг; 
н ОН SS BH 
CH,CH, CH,CH, 
(S)-(+)-2-Butanol (R)-(—)-2-Bromobutane 


The conversion of 2-butanol to sec-butyl methanesulfonate does not involve any of the bonds 
to the stereogenic center, and so it must proceed with 100% retention of configuration. 
Assuming that the reaction of the methanesulfonate with NaSCH;CH, proceeds with 100% 
inversion of configuration, we conclude that the maximum rotation of sec-butyl ethyl sulfide 
is the value given in the statement of part (b), that is, =25°. Since the sulfide produced in 
part (c) has a rotation of +23°, it is 92% optically pure. It is reasonable to assume that the loss 
of optical purity occurred in the conversion of the alcohol to the bromide, rather than in the re- 
action of the bromide with NaSCH,CH,. If the bromide is 92% optically рше and has a rota- 
tion of —38°, optically pure 2-bromobutane therefore has a rotation of 38/0.92, or =41°. 


If each act of exchange (substitution) occurred with retention of configuration, there would be 
no observable racemization; К « = 0. 


> тас 


HCE | H.E 
САИ —— |a +r 
CH,(CH,); CH,(CH,); 
(R)-(—)-2-Iodooctane [(R)-(—)-2-Iodooctane]* 


(*indicates radioactive label) 


Therefore Кој Кеа = 0. 
If each act of exchange proceeds with inversion of configuration, (R)-(—)-2-10dooctane will 
be transformed to radioactively labeled (S)-(--)-2-10dooctane. 


ње E CH, 
tr — гё tr 
CH,(CH,); (CH,),CH; 
(R)-(—)-2-Iodooctane [(S)-(+)-2-Iodooctane]* 


Starting with 100 molecules of (R)-(—)-2-iodooctane, the compound will be completely 
racemized when 50 molecules have become radioactive. Therefore, 

If radioactivity is incorporated in a stereorandom fashion, then 2-iodooctane will be 50% 
racemized when 50% of it has reacted. Therefore, 

In fact, Hughes found that the rate of racemization was twice the rate of incorporation of 


radioactive iodide. This experiment provided strong evidence for the belief that bimolecular 
nucleophilic substitution proceeds stereospecifically with inversion of configuration. 
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8.37 (a) Tertiary alkyl halides undergo nucleophilic substitution only by way of carbocations: S1 is 
the most likely mechanism for solvolysis of the 2-halo-2-methylbutanes. 


| 
CH,CCH,CH, 


| 
CH, 


2-Halo-2-methylbutanes are 
tertiary alkyl halides. 


(b) Tertiary alkyl halides can undergo either Е1 or E2 elimination. Since no alkoxide base is 
present, solvolytic elimination most likely occurs by an E1 mechanism. 

(c, d) Iodides react faster than bromides in substitution and elimination reactions irrespective of 
whether the mechanism is E1, 22, 5,1, or S42. 

(e) Solvolysis in aqueous ethanol can give rise to an alcohol or an ether as product, depending 
on whether the carbocation is captured by water or ethanol. 


CH,CH,OH 
НСО == a + ооа 
x OH OCH,CH, 


2-Methyl-2-butanol Ethyl 1,1- 
dimethylpropyl ether 


(f) Elimination can yield either of two isomeric alkenes. 


ж + (CH,),C=CHCH, 
x CH, 


(CH,),CCH,CH, 


2-Methyl-1-butene 2-Methyl-2-butene 


Zaitsev's rule predicts that 2-methyl-2-butene should be the major alkene. 

(2) The product distribution is determined by what happens to the carbocation intermediate. If 
the carbocation is free of its leaving group, its fate will be the same no matter whether the 
leaving group is bromide or iodide. 


8.38 Both aspects of this reaction—its slow rate and the formation of a rearranged product—have their 
origin in the positive character developed at a primary carbon. The alcohol is protonated and the 
carbon-oxygen bond of the resulting alkyloxonium ion begins to break: 


CH, CH, 
HBr | LÁ ò+ + 


| T 
CHCCH, 
CH, CH, CH, 
2,2-Dimethyl-1-propanol 


As positive character develops at the primary carbon, a methyl group migrates. Rearrangement 
gives a tertiary carbocation, which is captured by bromide to give the product. 


i Е ae, үш 
+ A B 

cnp OQ : CH CH.CH, 2 CH,C—CH,CH, 
CH, H CH, ‘Bri 


2-Bromo-2-methylbutane 
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8.39 The substrate is a tertiary alkyl bromide and can undergo Sy1 substitution and E1 elimination under 
these reaction conditions. Elimination in either of two directions to give regioisomeric alkenes can 


also occur. 
О 
Br occu. HG n 
CH,CCH,CH, се CH,CCH,CH, + CH,=CCH,CH, + у= 
ei СЕ а FEC em 
2-Bromo-2- 1,1-Dimethylpropyl  2-Methyl-1-butene 2-Methyl-2-butene 
methylbutane acetate 


8.40  Solvolysis of 1,2-dimethylpropyl p-toluenesulfonate in acetic acid is expected to give one substitu- 
tion product and two alkenes. 


CH,CO,H 
дне ——— (CH) CHCHEH, + (CHj,C—CHCH, + (CH,),CHCH=CH, 
OTs оон 
1,2-Dimethylpropyl 1,2-Dimethylpropyl 2-Methyl-2-butene 3-Methyl-1-butene 
p-toluenesulfonate acetate 


Since five products are formed, we are led to consider the possibility of carbocation rearrangements 
in S41 and El solvolysis. 


+ + 
(CH,),CHCHCH, (CH,),CCH,CH, (CH,),CCH,CH, + (CHj,C—CHCH, + Еа 
оен CH; 
О 
1,2-Dimethylpropyl 1,1-Dimethylpropyl 1,1-Dimethylpropyl 2-Methyl-2-butene 2-Methyl-1-butene 
cation (secondary) cation (tertiary) acetate 


Since 2-methyl-2-butene is a product common to both carbocation intermediates, a total of five dif- 
ferent products are accounted for. There are two substitution products: 


(CH,),CHCHCH, (CH,),CCH,CH, 


1,2-Dimethylpropyl 1,1-Dimethylpropyl 
acetate acetate 


and three elimination products: 


(CHj,C—CHCH, | (CHj,CHCH—CH, CH,—CCH,CH, 
CH, 
2-Methyl-2-butene 3-Methyl-1-butene 2-Methyl-1-butene 


8.41 Solution A contains both acetate ion and methanol as nucleophiles. Acetate is more nucleophilic 
than methanol, and so the major observed reaction is: 


| | 
CHI + CH,CO "9, CH,OCCH, 


Methyl Acetate Methyl acetate 
iodide 
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Solution B prepared by adding potassium methoxide to acetic acid rapidly undergoes an 
acid-base reaction: 


| 
CHOH + СЊСО 


|| 
CHO. + CH,COH 


Methoxide Acetic acid Methanol Acetate 
(stronger base) (stronger acid) (weaker acid) (weaker base) 


Thus the major base present is not methoxide but acetate. Methyl iodide therefore reacts with acetate 
anion in solution B to give methyl acetate. 


8.42 Alkyl chlorides arise by the reaction sequence: 


О О 

| TS | s 
RCH,OH + CH, Sci + | ксн,о5—(_}у—сн, + || сг 

|| N^ || NZ 

Ó Ó i 
Primary p-Toluenesulfonyl Pyridine Primary alkyl p-toluenesulfonate Pyridinium 
alcohol chloride chloride 


| | 
ксноз—(_ў—сн, + сг ЕСН,С1 + єн,—(_}—о 
Ó Ó 


Primary alkyl p-toluenesulfonate Primary alkyl 
chloride 


The reaction proceeds to form the alkyl p-toluenesulfonate as expected, but the chloride anion 
formed in this step subsequently acts as a nucleophile and displaces p-toluenesulfonate from 
RCH,OTs. 


8.43 Iodide ion is both a better nucleophile than cyanide and a better leaving group than bromide. The 
two reactions shown are therefore faster than the reaction of cyclopentyl bromide with sodium 


cyanide alone. 
SO 
Br I CN 


Cyclopentyl Cyclopentyl Cyclopentyl 
bromide iodide cyanide 


8.44-8.47 Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man- 
ual. You should use Learning By Modeling for these exercises. 


SELF-TEST 
PART A 


A-1. Write the correct structure of the reactant or product omitted from each of the following. 
Clearly indicate stereochemistry where it is important. 


CH,CH,ONa 
———————— 
CH,CH,OH 


СО = Qe 


CH, 


(a) CH,CH,CH,CH,Br 
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А-2. 


А-3. 


А-5. 


А-7. 


А-8. 


acetone 


(c)  l-Chloro-3-methylbutane + sodium iodide 


Cl 
СН,ОМа В 
(4) Lr —снон 7 ? (major) 
© в LTO» + тәм, 
(Г) Уа + NaSCH, 


2 
Br H 
CH, 
H——Br Nu 
(g) ——— ? 
8 Н—Е 
CH,CH, 


Choose the best pair of reactants to form the following product by an S,2 reaction: 


(CH;),CHOCH,CH,CH, 
Outline the chemical steps necessary to convert: 
CH, CH, 
(a) u—Lors to Hcn 
CH,CH, CH,CH, 
SCH, 


| 
(b)  (S)-2-Pentano to (R)-CH,CHCH,CH,CH, 


Hydrolysis of 3-chloro-2,2-dimethylbutane yields 2,3-dimethyl-2-butanol as the major 
product. Explain this observation, using structural formulas to outline the mechanism of the 
reaction. 


Identify the class of reaction (e.g., E2), and write the kinetic and chemical equations for: 
(a) The solvolysis of tert-butyl bromide in methanol 
(b) Тһе reaction of chlorocyclohexane with sodium azide (NaN,). 


(a) Provide a brief explanation why the halogen exchange reaction shown is an acceptable 
synthetic method: 


Br I 


| | 
CH,CHCH, + Nal —3€* , CH,CHCH, + NaBr 


(b) Briefly explain why the reaction of 1-bromobutane with sodium azide occurs faster in 
dimethyl sulfoxide [(CH,),S==O] than in water. 


Write chemical structures for compounds A through D in the following sequence of reac- 
tions. Compounds A and C are alcohols. 


NaNH, 
А > 


HBr, heat 
> 


р 


B+D ——— CHCHO-( ) 


Write a mechanism describing the solvolysis (S41) of 1-bromo-1-methylcyclohexane in 
ethanol. 


206 


NUCLEOPHILIC SUBSTITUTION 


А-9. Solvolysis of the compound shown occurs with carbocation rearrangement and yields an 
alcohol as the major product. Write the structure of this product, and give a mechanism to 
explain its formation. 

CC) - ? 
Вг 
PART B 
B-1. The bimolecular substitution reaction 
CH,Br + ОН" СЊОН + Вг 
is represented by the kinetic equation: 
(a) Rate = k[CH,Br] 
(b) Rate = k[CH,Br][OH ] 
(c) Rate = A[CH,Br] + КОН ] 
(d) Rate = k/[CH,Br][OH ] 

B-2. Which compound undergoes nucleophilic substitution with NaCN at the fastest rate? 

бы. аы Кы Bk ee ji 
(a) P (c) (e) X^ 
хо @ BAAN 

В-3. For the reaction 

Br 
Cy + CH,CH,O Ма“ 
the major product is formed by 
(a) An Syl reaction (c) An El reaction 
(b) Ап S42 reaction (d) An E2 reaction 
B-4. Which of the following statements pertaining to an 5,2 reaction are true? 
1. The rate of reaction is independent of the concentration of the nucleophile. 
2. The nucleophile attacks carbon on the side of the molecule opposite the group being 
displaced. 
3. The reaction proceeds with simultaneous bond formation and bond rupture. 
4. Partial racemization of an optically active substrate results. 
(a) 1,4 (b) 1,3,4 (c) 2,3 (d) All 
B-5. Which one of the following alkyl halides would be expected to give the highest substitution- 


to-elimination ratio (most substitution, least elimination) on treatment with sodium ethoxide 
in ethanol? 


CH,CH CHCH 
(a) imu es CH. os ее Нен 


| 
Br 


CH,CH CH,CH,B 
(b) Cua LT KH. аи п 
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B-6. 


B-8. 


B-9. 


B-10. 


B-11. 


Which of the following phrases аге not correctly associated with an 5,1 reaction? 


1. Rearrangement is possible. 

2. Rate is affected by solvent polarity. 

3. The strength of the nucleophile is important in determining rate. 

4. The reactivity series is tertiary > secondary > primary. 

5. Proceeds with complete inversion of configuration. 

(a) 3,5 (b 5 only (с) 2,3, 5 (d) 3only 


Rank the following in order of decreasing rate of solvolysis with aqueous ethanol 
(fastest — slowest): 


Кои 
H,C=C—Br Br CH,CHCH,CH(CH,), 


1 2 3 


(dy. 2>1>3 (b 1>2>3 (д) 2>3>1 (d 1>3>2 


Rank the following species in order of decreasing nucleophilicity in a polar protic solvent 
(most — least nucleophilic): 


О 
|| 
СН,СН,СН,07 — CH,CH,CH,S . СЫ;СН,СО" 


1 2 3 


(а 3>1>2 (b 2>3>1 i). 1>3>2 (d 2>1>3 


From each of the following pairs select the compound that will react faster with sodium 
iodide in acetone. 


2-Chloropropane or 2-bromopropane 
1 2 
1-Bromobutane or 2-bromobutane 
3 4 
(a) 1,3 (b) 1,4 (c) 2,3 (d) 2,4 


Select the reagent that will yield the greater amount of substitution on reaction with 
1-bromobutane. 

(a) CH,CH,OK in dimethyl] sulfoxide (DMSO) 

(b) (CH,),COK in dimethyl sulfoxide (DMSO) 

(c) Both (a) and (b) will give comparable amounts of substitution. 

(d) Neither (a) nor (b) will give any appreciable amount of substitution. 


The reaction of (R)-1-chloro-3-methylpentane with sodium iodide in acetone will yield 
1-iodo-3-methylpentane that is 


(a) R (c) A mixture of R and 5 (e) None of these 
(b 5 (d) Meso 
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B-12. What is the principal product of the following reaction? 


CI 
CH, 

CH, CH, CH, CH, 
Нм мн о мн HN, 
H—|—H H——H НН 
H-4—C] ан нра а-н 

CH, CH, CH, CH, 

(a) (b) (c) (d) 


B-13. Which of the following statements is true? 
(a) CH,CH,S™ is both a stronger base and more nucleophilic than CH,CH,O . 
(b  CH,CH,S isa stronger base but is less nucleophilic than CH,CH,O . 
(c) CH,CH,S™ is a weaker base but is more nucleophilic than CH,CH,O . 
(d) CH,CH,S™ is both a weaker base and less nucleophilic than СЊСЊО. 


B-14. Which of the following alkyl halides would be most likely to give a rearranged product 
under S41 conditions? 


aX е7 


Вг 
(а) (5) (с) (4) 


(e) None of these. Rearrangements only occur under 5,2 conditions. 


CHAPTER 9 
ALKYNES 


SOLUTIONS TO TEXT PROBLEMS 


9.1 


9.2 


The reaction is an acid—base process; water is the proton donor. Two separate proton-transfer steps 
are involved. 


= 2y E Cn ES _.. 
‘C=C: + H-—OQ > :C=C—H + :Q—H 
Carbide ion Water Acetylide ion Hydroxide ion 
S) 4 xA TET 
H—0--H + :C=C—H > НО: + н—с=с—н 
Water Acetylide ion Hydroxide ion Acetylene 


A triple bond may connect C-1 and C-2 or С-2 and C-3 in an unbranched chain of five carbons. 


CH,CH,CH,C=CH _ -CH,CH,C=CCH, 


1-Pentyne 2-Pentyne 
One of the С.Н; isomers has a branched carbon chain. 


Еи 
CH, 


3-Methyl-1-butyne 
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9.3 The bonds become shorter and stronger in the series as the electronegativity increases. 


NH, HO HF 
Electronegativity: N (3.0) O (3.5) F (4.0) 
Bond distance (pm): N—H (101) О— (95) F—H (92) 
Bond dissociation energy (kJ/mol): N—H (435) O—H (497) F—H (568) 


Bond dissociation energy (kcal/mol): N—H (104) O—H (119) F—H (136) 


9.4 (b) A proton is transferred from acetylene to ethyl anion. 


A 47 _ IN 
HC=C2H + CHCH == HC=C: + CH,CH, 
Acetylene Ethyl anion Acetylide ion Ethane 
(stronger acid) (stronger base) (weaker base) (weaker acid) 
К, 107» К, = 10762 
(pK, 26) (pK, ~ 62) 


The position of equilibrium lies to the right. Ethyl anion is a very powerful base and depro- 
tonates acetylene quantitatively. 

(c) Amide ion is not a strong enough base to remove a proton from ethylene. The equilibrium lies 
to the left. 


а 
cH,—cHMK + NH, — 


CH,—CH + МН, 


Ethylene Amide ion Vinyl anion Ammonia 
(weaker acid) (weaker base) (stronger base) (stronger acid) 
К, = 10-45 K, 10—36 
(pK, ~ 45) (pK, 36) 


(d) Alcohols are stronger acids than ammonia; the position of equilibrium lies to the right. 


== . 4 a TAL = TEN 
CH,C=CCH,O+H + “МН, ——— CH,C=CCH,OF + :NH, 
2-Butyn-1-ol Amide ion 2-Butyn-1-olate anion Ammonia 
(stronger acid) (stronger base) (weaker base) (weaker acid) 
К, = 10716—10770 K,10~*6 
(pK, = 16—20) (pK, 36) 


9.5 (b) The desired alkyne has a methyl group and a butyl group attached to a —C==C— unit. Two 
alkylations of acetylene are therefore required: one with a methyl halide, the other with a butyl 


halide. 
= 1. NaNH,, NH, o 1. NaNH,, NH, = 
HC—CH сва CC SCH opum CLCC CLCH CH, 
Acetylene Propyne 2-Heptyne 


It does not matter whether the methyl group or the butyl group is introduced first; the order of 
steps shown in this synthetic scheme may be inverted. 

(c) An ethyl group and a propyl group need to be introduced as substituents on a —C==C— unit. 
As in part (b), it does not matter which of the two is introduced first. 


1. Ману NH; 1. NaNH,, NH, 
снснснывг | CH3;CH,CH,C=CH — сисны: 


HC=CH CH,CH,CH,C=CCH,CH, 


Acetylene 1-Pentyne 3-Heptyne 
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9.6 Both 1-pentyne and 2-pentyne can be prepared by alkylating acetylene. All the alkylation steps 
involve nucleophilic substitution of a methyl or primary alkyl halide. 


х 1. NaNH,, NH, = 
HC=CH сасе сва LOCEn 
Acetylene 1-Pentyne 
== 1. NaNH,, NH; = 1. NaNH,, NH, К 
HC=CH Saran? СН.СН.СЕСН o CH,CH,C=CCH, 
Acetylene 1-Butyne 2-Pentyne 


A third isomer, 3-methyl-1-butyne, cannot be prepared by alkylation of acetylene, because it re- 
quires a secondary alkyl halide as the alkylating agent. The reaction that takes place is elimination, 
not substitution. 


НСЕЕС: + CH,CHCH, EP HC=CH + CH,—CHCH, 
Br 
Acetylide Isopropyl Acetylene Propene 
ion bromide 


9.7 Each of the dibromides shown yields 3,3-dimethyl-1-butyne when subjected to double dehydro- 
halogenation with strong base. 


Br 
| 1. 3NaNH, m 
(CH), CCCH, ог  (CHj,CCH,CHBr, ог (CH), CCHCH,Br uo (CH,),CC=CH 
Br Br 
2,2-Dibromo-3,3- 1,1-Dibromo-3,3- 1,2-Dibromo-3,3- 3,3-Dimethyl-1-butyne 
dimethylbutane dimethylbutane dimethylbutane 
9.8 (b) The first task is to convert 1-propanol to propene: 
H,SO, 
CH,CH,CH,OH = СН.СН==СН, 
]-Propanol Propene 


After propene is available, it is converted to 1,2-dibromopropane and then to propyne as 
described in the sample solution for part (a). 
(c) Treat isopropyl bromide with a base to effect dehydrohalogenation. 


NaOCH,CH 
(CH,),;CHBr + CH,CH=CH, 


Isopropyl bromide Propene 


Next, convert propene to propyne as in parts (a) and (5). 
(d) The starting material contains only two carbon atoms, and so an alkylation step is needed at 
some point. Propyne arises by alkylation of acetylene, and so the last step in the synthesis is 


1. NaNH,, NH, 


асы Ж oa вено 


Acetylene Propyne 


The designated starting material, 1,1-dichloroethane, is a geminal dihalide and can be used to 
prepare acetylene by a double dehydrohalogenation. 


1. NaNH,, NH, 


CHCHC: она = (HOCH 


1,1-Dichloroethane Acetylene 
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(e) The first task is to convert ethyl alcohol to acetylene. Once acetylene is prepared it can be 
alkylated with a methyl halide. 
H,SO, Br, 1. NaNH,, NH, __ 1. NaNH,, NH, "E 
CH4CH,OH feat H,C—CH, >  BrCHCHjBr 5 Ho > HC=CH > CHER ^ CH,C=CH 
Ethyl alcohol Ethylene 1,2-Dibromoethane Acetylene Propyne 
9.9 Тһе first task is to assemble a carbon chain containing eight carbons. Acetylene has two carbon 
atoms and can be alkylated via its sodium salt to 1-octyne. Hydrogenation over platinum converts 
1-octyne to octane. 
NaNH, BrCH, (CH,),CH, 2 
HC=CH NH HC=CNa > HC=CCH,(CH,),CH, Pi CH,CH,CH,(CH,),CH, 
5 Е 
Acetylene Sodium 1-Octyne Octane 
acetylide 


9.10 


9.12 


Alternatively, two successive alkylations of acetylene with CH,CH,CH,Br could be carried out to 
give 4-octyne (CH,CH,CH,C =CCH,CH,CH,), which could then be hydrogenated to octane. 


Hydrogenation over Lindlar palladium converts an alkyne to a cis alkene. Oleic acid therefore has 
the structure indicated in the following equation: 


CH(CH), ^ (CH),CO.H 
2 
Lindlar Pd а 


H H 


Oleic acid 


CH,(CH,),C=C(CH,),CO,H 


Stearolic acid 
Hydrogenation of alkynes over platinum leads to alkanes. 


2H, 
Pt 


CH,(CH,),C=C(CH,),CO,H CH,(CH,),,CO,H 


Stearolic acid Stearic acid 


Alkynes are converted to trans alkenes on reduction with sodium in liquid ammonia. 


CH,(CH H 
1. Na, NH, af ША / 


2. H,0* J \ 
H (CH,),CO,H 


Elaidic acid 


CH,(CH,),C=C(CH,),CO,H 


Stearolic acid 


The proper double-bond stereochemistry may be achieved by using 2-heptyne as a reactant in the 
final step. Lithium-ammonia reduction of 2-heptyne gives the trans alkene; hydrogenation over 
Lindlar palladium gives the cis isomer. The first task is therefore the alkylation of propyne to 
2-heptyne. 


H CH,CH,CH,CH, 


1. NaNH,, NH, (E)-2-Heptene 


CH,C=CH 


Propyne 


тешен енен: CH,C=CCHCLCHCH, = 


2-Heptyne 


,CH.CH,CH.CH, 


н, 


ли 
Lindlar Pd PA ~ 


(Z)-2-Heptene 
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(b) Addition of hydrogen chloride to vinyl chloride gives the geminal dichloride 1,1- 
dichloroethane. 


НСІ 


H,C—CHCI СН.СНСЬ 


Vinyl chloride 1,1-Dichloroethane 


(c) Since 1,1-dichloroethane can be prepared by adding 2 mol of hydrogen chloride to acetylene 
as shown in the sample solution to part (a), first convert 1,1-dibromoethane to acetylene by 


dehydrohalogenation. 
1. NaNH,, NH 
CH,CHBr, -po > HC=CH —© CH,CHCI, 
"2 
1,1-Dibromoethane Acetylene 1,1-Dichloroethane 
The enol arises by addition of water to the triple bond. 
CH,C—CHCH, || 
CH,C=CCH, + H,O | CH,CCH,CH, 
OH 
2-Butyne 2-Buten-2-ol (enol form) 2-Butanone 


The mechanism described in the textbook Figure 9.6 is adapted to the case of 2-butyne hydration as 
shown: 


:ÓH H сон "ОН 
ҳу | N | 
JOH __CH,CH=CCH, 30: + CH,CH,—CCH, CH,CH,CCH, 

H H 
Hydronium 2-Buten-2-ol Water Carbocation 
ion 
А in E 
CH,CH,—CCH, + 506 CH,CH,CCH, + H—Of 
H H 
Carbocation Water 2-Butanone Hydronium ion 


Hydration of 1-octyne gives 2-octanone according to the equation that immediately precedes this 
problem in the text. Prepare 1-octyne as described in the solution to Problem 9.9, and then carry out 
its hydration in the presence of mercury(I) sulfate and sulfuric acid. 

Hydration of 4-octyne gives 4-octanone. Prepare 4-octyne as described in the solution to 
Problem 9.9. 


Each of the carbons that are part of —CO,H groups was once part of a —C==C— unit. The two 
fragments CH,(CH,),CO,H and HO,CCH,CH,CO,H account for only 10 of the original 16 carbons. 
The full complement of carbons can be accommodated by assuming that two molecules of 
CH,(CH,),CO,H are formed, along with one molecule of HO,CCH,CH,CO,H. The starting alkyne 
is therefore deduced from the ozonolysis data to be as shown: 


CH,(CH,),C4=CCH,CH,C#=C(CH,),CH, 


z М, 


CH,(CH,),CO,H = HO,CCH,CH,CO,H НО,С(СН,),СН, 
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9.17 Three isomers have unbranched carbon chains: 


CH,CH,CH,CH,C=CH СН,СН,СН,С==ССН, | CH,CH,CeCCH,CH, 


1-Hexyne 2-Hexyne 3-Hexyne 
Next consider all the alkynes with a single methyl branch: 
CH,CHCH,C=CH CH,CH,CHC=CH CH,CHC==CCH, 
бн, бн, бн, 


4-Methyl-1-pentyne 3-Methyl-1-pentyne 4-Methyl-2-pentyne 


One isomer has two methyl branches. None is possible with an ethyl branch. 


3,3-Dimethyl-1-butyne 
S 3o 27 qu. 
9.18 (a) CH,CH,CH,C=CH is 1-репупе 
Sco de iu. 
(b) CH,CH,C=CCH, is 2-pentyne 


01.2 734.5 6 
(c) Ка ан is 4,5-dimethyl-2-hexyne 
Н.С CH, 


Boxe йт, {Чу be t у 
(а) [>—CH,CH,CH,C=CH is 5-cyclopropyl-1-pentyne 


13 1 23 
CH,C=CCH,.~ is cyclotridecyne 
~ We 


4 5 6 7 8 9 

(f) сасе аана а is 4-butyl-2-nonyne 
3 21 
C=CCH, 


(Parent chain must contain the triple bond.) 


CH, CH, 


3 
| 3 а [56 
(e) CH;CC=CCCH; is 2,2,5,5-tetramethyl-3-hexyne 


CH, bi 
9.19 (а) 1-Octyne 15 HC=CCH,CH,CH,CH,CH,CH, 
(b)  2-Octyne is CH,C==CCH,CH,CH,CH,CH, 
(c) | 3-Octyne is CH,CH,C=CCH,CH,CH,CH, 
(d) 4-Octyne is CH,CH,CH,C==CCH,CH,CH, 
(e) |2,5-Dimethyl-3-hexyne is кала. 


CH, CH, 


(f) 4-Ethyl-1-hexyne is е 
CH,CH, 
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(g)  Ethynylcyclohexane is ( у—с=сн 


D 
(h)  3-Ethyl-3-methyl-1-pentyne is CH,CH,CC=CH 
CH,CH, 
9.20 Ethynylcyclohexane has the molecular formula C,H,,. АП the other compounds are C,H, 4. 


9.21 Only alkynes with the carbon skeletons shown can give 3-ethylhexane on catalytic hydrogenation. 


N 2 
H 
н ad. Е ae "E 
3-Ethyl-1-hexyne 4-Ethyl-1-hexyne 4-Ethyl-2-hexyne 3-Ethylhexane 
9.22  Thecarbon skeleton of the unknown acetylenic amino acid must be the same as that of homoleucine. 


The structure of homoleucine is such that there is only one possible location for a carbon-carbon 
triple bond in an acetylenic precursor. 


н, | 


|| 
ышы о р. EE TE 
CH, “МЫ; CH, “NH, 
C;H,,NO, Homoleucine 
1. NaNH,, NH, 
923 (a) CH,CH,CH,CH,CH;CHCl но CH,CH,CH,CH,C=CH 
1,1-Dichlorohexane 1-Hexyne 
(b) 
T, 1. NaNH,, NH, 
CH,CH,CH,CH,CH=CH, ea. SUCH CH CHC Es EET CH,CH,CH,CH,C=CH 
Br 
1-Hexene 1,2-Dibromohexane 1-Hexyne 
NaNH, _ 4 CH,CH,CH,CH,Br 
(еј ЕС’ НОО C нен Онсоң ,б=бн 
Acetylene 1-Hexyne 
KOC(CH;), 


(d) CH,CH,CH,CH,CH,CH, 55 CH,CH,CH,CH,CH=CH, 
1-Iodohexane 1-Hexene 


1-Нехепе is then converted to 1-hexyne as in part (5). 


9.24 (a) Working backward from the final product, it can be seen that preparation of 1-butyne will 
allow the desired carbon skeleton to be constructed. 


CH,CH,C=CCH,,CH, prepared from CH,CH,C=C: + BrCH,CH, 


3-Hexyne 
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The desired intermediate, 1-butyne, is available by halogenation followed by dehydrohalo- 


genation of 1-butene. 


CH,CH,CH=CH, + Br, 


1-Butene 


Br 
1. NaNH,, NH, 


| 
CH,CH,CHCH,Br -pO CH,CH,C=CH 


1-Butyne 


Reaction of the anion of 1-butyne with ethyl bromide completes the synthesis. 


NaNH, 


CH,CH,C=CH — => 


CH,CH,C=C: Ма’ 


CH,CH,Br 
— > CH,CH,C=CCH,CH, 


]-Butyne 3-Hexyne 
(b) Dehydrohalogenation of 1,1-dichlorobutane yields 1-butyne. The synthesis is completed as in 
part (a). 
1. NaNH,, NH, = 
CH,CH;CH;CHCh — Ho CH,CH,C=CH 
1,1-Dichlorobutane 1-Butyne 
NaNH, —. o.  CH,CH,Br 
(c) НС==СН NH, HC=C: Na > HC=CCH,CH, 
Acetylene 1-Butyne 


1-Butyne is converted to 3-hexyne as in part (a). 


9.25 А single dehydrobromination step occurs in the conversion of 1,2-dibromodecane to C,)H,.Br. 
Bromine may be lost from C-1 to give 2-bromo-1-decene. 
KOH 
рококоа ЕЕ ecce PER 
Br Br 
1,2-Dibromodecane 2-Bromo-1-decene 
Loss of bromine from C-2 gives (Е)- and (Z)-1-bromo-1-decene. 
H (CH,),CH, Br (CH,),CH, 
KOH _ 4 | aT 
ВРВ Е ESE + gos 
Br Br H H H 
1,2-Dibromodecane (E)-1-Bromo-1-decene (Z)-1-Bromo-1-decene 
9.26 (a) CH4CH,CH;CH,C-CH + 2H, 2 CH,CH,CH,CH,CH,CH, 
1-Hexyne Hexane 
(b CH,CH,CH,CH,C=CH + H, -"%=®“,‚, CH,CH,CH,CH,CH=CH, 
1-Hexyne 1-Hexene 
(co CH,CH,CH,CH,C=CH ЫЫ; > CH,CH,CH,CH,CH=CH, 


1-Hexyne 


1-Hexene 
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NaNH, 
(d) CH,CH,CH,CH,C=CH — ui —  CH,CH;CH,CH;C—C: Ма" 
1-Hexyne Sodium 1-hexynide 
(e) 
CH,CH,CH,CH,C=C: Na* + CH,CH,CH,CH,Br CH,CH,CH,CH,C=CCH,CH,CH,CH, 
Sodium 1-ћехупде 1-Bromobutane 5-Decyne 
(f) 
CH,CH,CH,CH,C=C> ма“ + (CH,),CBr CH,CH,CH,CH,C=CH + (CH,),C=CH, 
Sodium 1-hexynide tert-Butyl 1-Hexyne 2-Methylpropene 
bromide 
(&) CH,CH,CH,CH,C=CH —д леса сњ 
С1 
1-Нехупе 2-СМого-1-һехепе 
ЈЕ 
(h) CH,CH,CH,CH,C=CH — => CH,CH,CH,CHCCH, 
Cl 
1-Hexyne 2,2-Dichlorohexane 
" CH;CH,CH,CH, | © 
(i) | CH,CH,CH,CH,C=CH — == C=C 
Cl H 
1-Hexyne (E)-1,2-Dichloro-1-hexene 
Я 
Cl 
G) CH,CH,CH,CH,C=CH — => пасиви 
СІ 
1-Нехупе 1,1,2,2-Tetrachlorohexane 
О 
H,O, H,SO, | 
(k) CH,CH,CH,CH,C=CH 655» CH,CH,CH,CH,CCH, 
1-Hexyne 2-Hexanone 
j | 
1.0 
() CH,CH,CH,CH,C=CH —5 но CH,CH,CH,;CH,COH + HOCOH 
1-Нехупе Pentanoic acid Carbonic acid 
9.27 (a) CH,CH,C=CCH,CH, + 2H, B CH,CH,CH,CH,CH,CH, 
3-Hexyne Hexane 
CH,CH, CH,CH, 
= Lindlar Pd Мо 
(b) CH,CH,C=CCH,CH, + Н, 211, jq 
H H 


3-Hexyne (Z)-3-Hexene 
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(c) 


(d) 


(е) 


(f) 


(g) 


(h) 


(i) 


9.28 


CH,CH,C=CCH,CH, 


3-Hexyne 


CH,CH,C=CCH,CH, 


3-Hexyne 


CH,CH,C=CCH,CH, 


3-Hexyne 


CH,CH,C=CCH,CH, 


3-Hexyne 


CH,CH,C=CCH,CH, 


3-Hexyne 


CH,CH,C=CCH,CH, 


3-Hexyne 


CH,CH,C=CCH,CH, 


3-Hexyne 


NH, 


HCl 
(1 mol) 


HCl 
(2 mol) 


CL 


— 
(1 mol) 


CL 


— ~o 
(2 mol) 


H,O, H,SO, 
HgSO, 


1.0, 
2. H,O 
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/ N 
H CH,CH, 
(E)-3-Hexene 
CH,CH, H 
N / 


C=C 
Рок" 
CI CH,CH, 


(Z)-3-Chloro-3-hexene 
CI 

БО ОШЕН 
а 


3,3-Dichlorohexane 


CH,CH Cl 
E" P 
г 

CI CH,CH, 


(E)-3,4-Dichloro-3-hexene 
cl Cl 
CH,CH,C—CCH,CH, 
cl Cl 


3,3,4,4- Tetrachlorohexane 


|| 
CH,CH,CCH,CH,CH, 


3-Hexanone 


| 
2CH,CH,COH 


Propanoic acid 


The two carbons of the triple bond are similarly but not identically substituted in 2-heptyne, 


CH,C=CCH,CH,CH,CH,. Two regioisomeric enols are formed, each of which gives a different 
ketone. 


CH,C=CCH,CH,CH,CH, 


H,O, H,SO, 


HgSO, 


2-Heptyne 


OH 


Ie 


CH,C—CHCH,CH,CH,CH, + CH,CH=CCH,CH,CH,CH, 


О 
|| 


CH,CCH,CH,CH,CH,CH, 


2-Hepten-2-ol 


2-Heptanone 


2-Hepten-3-ol 


|| 
CH,CH,CCH,CH,CH,CH, 


3-Heptanone 
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9.29 The alkane formed by hydrogenation of (S)-3-methyl-1-pentyne is achiral; it cannot be optically 


active. 
CH,CH, Н : 
K C=CH БЕЗ” сово 
Н.С СН, 
(S)-3-Methyl-1-pentyne 3-Methylpentane 


(does not have a stereogenic 
center; optically inactive) 


The product of hydrogenation of (S)-4-methyl-1-hexyne is optically active because a stereogenic 
center is present in the starting material and is carried through to the product. 


CH,CH, AG | CH,CH, < 
^ CH,C=CH > „рењењсн, 
Н.С Н.С 
(S)-4-Methyl-1-hexyne (S)-3-Methylhexane 


Both (S)-3-methyl-1-pentyne and (S)-4-methyl-1-hexyne yield optically active products when their 
triple bonds are reduced to double bonds. 


9.30 (a)  Thedihaloalkane contains both a primary alkyl chloride and a primary alkyl iodide functional 
group. Iodide is a better leaving group than chloride and is the one replaced by acetylide. 


NaC=CH + CICH,CH,CH,CH,CH,CH,I 


CICH,CH,CH,CH,CH,CH,C=CH 


Sodium 1-Chloro-6-iodohexane 8-Chloro-1-octyne 
acetylide 


(b) Both vicinal dibromide functions are converted to alkyne units on treatment with excess 
sodium amide. 


1. excess NaNH,, NH, 


DICHA CECH НОЕ HO HC=CCH,CH,C=CH 
Br Br 
1,2,5,6-Tetrabromohexane 1,5-Hexadiyne 


(c) Тһе starting material is a geminal dichloride. Potassium tert-butoxide in dimethyl sulfoxide is 
a sufficiently strong base to convert it to an alkyne. 


Cl 
| KOC(CH,);, DMSO 
Dco, 9 — > [>—с=сн 
| еаї 
С1 
1,1-Dichloro-1- Ethynylcyclopropane 
cyclopropylethane 


(d) Alkyl p-toluenesulfonates react similarly to alkyl halides in nucleophilic substitution 
reactions. The alkynide nucleophile displaces the p-toluenesulfonate leaving group from ethyl 
p-toluenesulfonate. 


О 

me а И сл = 

C=C + CH, о \ 7-08 - C=CCH,CH, 
О 


CH, 


Phenylacetylide ion Ethyl p-toluenesulfonate 1-Phenyl-1-butyne 
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(e) Both carbons ofa —C=C— unit are converted to carboxyl groups (—CO,H) on ozonolysis. 


О О 
1.0, | | 
| — но HOC(CHj),COH 
Cyclodecyne Decanedioic acid 
(f) Ozonolysis cleaves the carbon-carbon triple bond. 
О 
СН 
2 | 
c^ ш COR es SGH 
OH E OH 
1-Ethynylcyclohexanol 1-Hydroxycyclohexane- Carbonic acid 


carboxylic acid 


О 
| 


(g) Hydration of a terminal carbon-carbon triple bond converts it to a —CCH, group. 


OH HO O 
| H,O, H,SO, | 
шнен сн in Cao 
CH, CH, CH, CH, 
3,5-Dimethyl-1-hexyn-3-ol 3-Hydroxy-3,5-dimethyl-2-hexanone 


(Л)  Sodium-in-ammonia reduction of an alkyne yields a trans alkene. The stereochemistry of a 
double bond that is already present in the molecule is not altered during the process. 


CH,CH,CH,CH, ^ CH(CH),C—CCH,CH,0H 


/ $ 
н н 


(Z)-13-Octadecen-3-yn-1-ol 


1. Na, NH, 
29,0 — 
THU UNA x о 
и \ / \ 
H H H CH,CH,OH 


(3E,13Z)-3,13-Octadecadien-1-ol 
(i) The primary chloride leaving group is displaced by the alkynide nucleophile. 


an + NaC=CCH,CH,CH,CH, С]. 


O^ ~O(CH,),Cl O^ ~O(CH,),C=CCH,CH,CH,CH, 


8-Chlorooctyl Sodium 1-hexynide 9-Tetradecyn-1-yl tetrahydropyranyl ether 
tetrahydropyranyl ether 
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(j) Hydrogenation of the triple bond over the Lindlar catalyst converts the compound to a cis 
alkene. 


С aon „ЄНН,СН,СН, 


н, DS 


O^ "O(CHj,C—CCH,CH,CH,CH, о ре 
H H 
9-Tetradecyn-1-yl tetrahydropyranyl ether (Z)-9-Tetradecen-1-yl tetrahydropyranyl ether 


9.31  Ketones such as 2-heptanone may be readily prepared by hydration of terminal alkynes. Thus, if we 
had 1-heptyne, it could be converted to 2-heptanone. 


О 
" B | 
HC=C(CH,),CH, руу қо? CHsC(CH,),CH, 
1-Heptyne 2-Heptanone 


Acetylene, as we have seen in earlier problems, can be converted to 1-heptyne by alkylation. 


NaNH, 


= ыт лн 
He=CH _— decor Na 


НС==С: Ма“ + CH,CH,CH,CH,CH,Br HC=C(CH,),CH, 


9.32 Apply the technique of reasoning backward to gain a clue to how to attack this synthesis problem. 
A reasonable final step is the formation of the Z double bond by hydrogenation of an alkyne over 


Lindlar palladium. 
CH(CH), (CH,),CH 
2 
CH,(CH,),C=C(CH,) СН, 2+ с=с. 
H H 
9-Tricosyne (Z)-9-Tricosene 


The necessary alkyne 9-tricosyne can be prepared by a double alkylation of acetylene. 


1. NaNH,, NH, 1. NaNH,, NH, 


HC=CH > CH,(CH,),C=CH Z. CHCH) Br 


2. CH,(CH,),Br CH4(CB5),C—C(CH));;CH, 


Acetylene 1-Decyne 9-Tricosyne 


It does not matter which alkyl group is introduced first. 
The alkyl halides are prepared from the corresponding alcohols. 


CH,(CH,),OH orPBr, ^ CH,(CH,),Br 
1-Octanol 1-Bromooctane 
HBr 
CH,(CH,) „ОН ^ oPBn ^ СН,(СН,) „Вг 


1-Tridecanol 1-Bromotridecane 
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9.33 (a) 2,2-Dibromopropane is prepared by addition of hydrogen bromide to ргорупе. 


CH,C=CH + 2HBr ——>  CH,CCH, 


Propyne Hydrogen 2,2-Dibromopropane 
bromide 


The designated starting material, 1,1-dibromopropane, is converted to propyne by a double 
dehydrohalogenation. 


1. NaNH,, NH, 
2. H,O 


CH,CH,CHBr, CH,C=CH 


1,1-Dibromopropane Propyne 


(b) Asin part (a), first convert the designated starting material to propyne, and then add hydrogen 


bromide. 
Br 
1. NaNH,, NH, mE 2HBr | 
ne но CH,C=CH > сев 
Вг Вг 
1,2-Dibromopropane Propyne 2,2-Dibromopropane 


(c) Instead of trying to introduce two additional chlorines into 1,2-dichloropropane by free- 
radical substitution (a mixture of products would result), convert the vicinal dichloride to 
propyne, and then add two moles of CL. 


Cl 
1. NaNH,, NH, 2Cl, | 
е > CHC=CH > о 
+ 
а а 
1,2-Dichloropropane Propyne 1,1,2,2-Tetrachloropropane 


(d) The required carbon skeleton can be constructed by alkylating acetylene with ethyl bromide. 


NaNH, CH,CH,Br 


HC=CH мн, ^ HC=C> Ма" > HC=CCH,CH, 


Acetylene Sodium acetylide 1- Butyne 


Addition of 2 mol of hydrogen iodide to 1-butyne gives 2,2-diiodobutane. 


I 
| 

HC==CCH,CH, + 2HI үе 
1 

1-Butyne Hydrogen 2,2-Diiodobutane 


iodide 
(e) The six-carbon chain is available by alkylation of acetylene with 1-bromobutane. 


1. NaNH,, NH, 
> 
2. CH,CH,CH,CH,Br 


HC=CH HC=CCH,CH,CH,CH, 


Acetylene 1-Hexyne 
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The alkylating agent, 1-bromobutane, is prepared from 1-butene by free-radical (anti- 
Markovnikov) addition of hydrogen bromide. 


peroxides 


CH,CH,CH=CH, + HBr  —— —— —  CH,CH,CH,CH,Br 


1-Butene Hydrogen 1-Bromobutane 
bromide 


Once 1-ћехупе is prepared, it can be converted to 1-hexene by hydrogenation over Lindlar 
palladium or by sodium-ammonia reduction. 


H,, Lindlar Pd 
CH,CH,CH,CH,C=CH > CH,CH,CH,CH,CH—CH, 


or Na, NH, 


1-Hexyne 1-Hexene 


(f) Dialkylation of acetylene with 1-bromobutane, prepared in part (f), gives the necessary ten- 
carbon chain. 


К 1. NaNH,, NH, m 1. NaNH,, NH, B 
HC=CH soll wer. CRCR CLCS солы сены” COHIOIGCHIOE С=с CLCH CR, 
Acetylene 1-Hexyne 5-Decyne 


Hydrogenation of 5-decyne yields decane. 


2H, 
Pt 


CH,(CH,),C=C(CH,),CH, CH,(CH,),CH,CH,(CH,),CH, 


5-Decyne Decane 


(g) A standard method for converting alkenes to alkynes is to add Br, and then carry out a double 


dehydrohalogenation. 
| ТЕ 
а QUS === E ARD 
(СН); (СН,) з (СН), 
Cyclopentadecene 1,2-Dibromocyclopentadecane Cyclopentadecyne 


(h) Alkylation of the triple bond gives the required carbon skeleton. 


= 1. NaNH,, NH, m 
7, C=CH See C—CCH; 


]-Ethynylcyclohexene 1-(1-Propynyl)cyclohexene 


Hydrogenation over the Lindlar catalyst converts the carbon-carbon triple bond to a cis dou- 


ble bond. 
( j-ceccn, Lindar Pa Pd г. b: 


H, d 
1-(1-Propynyl)cyclohexene (Z)-1-(1-Propenyl)cyclohexene 


—H 
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(i) Тһе stereochemistry of meso-2,3-dibromobutane is most easily seen with a Fischer projection: 


Ts H B 
Br : 
which is equivalent to CH, 
Br H Br 
CH, CH, 


Recalling that the addition of Br, to alkenes occurs with anti stereochemistry, rotate the 
sawhorse diagram so that the bromines are anti to each other: 


Br 
H Br 
H CH, 
CH 
H Br CH,~/-H 
CH, Br 


Thus, the starting alkene must be trans-2-butene. trans-2-Butene is available from 2-butyne 
by metal-ammonia reduction: 


Br 
Н.С Н 
Na, NH, ES PA Br, H CH, 
CH,C=CCH, с=с mcd 
H CH, g H 
Br 
2-Butyne trans-2-Butene meso-2,3-Dibromobutane 


9.34 Attack this problem by first planning a synthesis of 4-methyl-2-pentyne from any starting material 
in a single step. Two different alkyne alkylations suggest themselves: 


CH,C=CCH(CH,), | (а) from CH,C=C: ane BrCH(CH,), 
(b) fromCH,I and ~:C==CCH(CH,), 
4-Methyl-2-pentyne 


Isopropyl bromide is a secondary alkyl halide and cannot be used to alkylate CH4C—C* accord- 
ing to reaction (а). A reasonable last step is therefore the alkylation of (CH,),CHC==CH via reac- 
tion of its anion with methyl iodide. 

The next question that arises from this analysis is the origin of (CH,),CHC==CH. One of 
the available starting materials is 1,l-dichloro-3-methylbutane. It can be converted to 
(CH,),CHC=CH by a double dehydrohalogenation. The complete synthesis is therefore: 


1. NaNH,, NH, 1. NaNH, 
(CHO,CHOH;CHUE. — о ~ (CH),CHC=CM зү > (CH), CHC = CCH, 
1,1-Dichloro-3-methylbutane 3-Methyl-1-butyne 4-Methyl-2-pentyne 


9.35 The reaction that produces compound A is reasonably straightforward. Compound А is 14-bromo-1- 
tetradecyne. 


NaC=CH + Br(CH)„ Br =  Br(CH,),,C=CH 


Sodium acetylide 1,12-Dibromododecane Compound А (C,,H,;Br) 
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Treatment of compound A with sodium amide converts it to compound B. Compound B on ozonol- 
ysis gives a diacid that retains all the carbon atoms of B. Compound B must therefore be a cyclic 
alkyne, formed by an intramolecular alkylation. 


| quac С Маг | = 
NaNH, He =F 1.0, || | 
Br(CH,),,C=CH i ix x оңо” НОС(СН,) „СОН 
а. (СН) 
Compound А Compound В 


Compound В is cyclotetradecyne. 
Hydrogenation of compound B over Lindlar palladium yields cis-cyclotetradecene (compound C). 


C=C 
н, 
C D Lindlar Pd 
(СН) 


Н Н 


Compound С (С, На) 


Hydrogenation over platinum gives cyclotetradecane (compound р). 


C=C 
H, 
(C) —— 
(CH5);; 


Compound D (С На) 


Sodium-ammonia reduction of compound B yields trans-cyclotetradecene. 


C=C 
C в Na, NH, 
(СН) 


Н 


Compound E (СН) 


The cis and trans isomers of cyclotetradecene are both converted to О==СН(СН,) „СН==0 on 
ozonolysis, whereas cyclotetradecane does not react with ozone. 


9.36—9.37 Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man- 
ual. You should use Learning By Modeling for these exercises. 


SELF-TEST 
PART A 


А-1. Provide the IUPAC names for the following: 
(a) а 


CH, 
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A-2. 


A-6. 
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CHLCH, 
(b CH,CH,CH,CHCHC=CH 


CH,CH,CH, 


Give the structure of the reactant, reagent, or product omitted from each of the following 

reactions. 

HCI (1 mol) 
> 


(a) CH,CH,CH,C=CH ? 
HCI (2 mol) 
(b CH,;CH,CH,C=CH > 7 
[| 

(c) CH,CH,CH,C=CH ? > CH,CH,CH,CCH, 

a Н, 
(d) CH,C—CCH, indara”? 

1. NaNH, o 
(e) ? ZOB” (CH,),CHC==CCH,CH, 


(f) CH;C=CCH,CH, 


(E)-2-pentene 
Cl, (1 mol) 
(p CH,C=CCH,CH, — ——» 


1.0 
(А) е 2. a 


CH, 


Which one of the following two reactions is effective in the synthesis of 4-methyl-2-hexyne? 
Why is the other not effective? 


Br 


| 
1. CH,CH,CHCH, + CH,C=CNa 


CH, 


| 
2. CH,CH,CHC=CNa + СНУ 


Outline a series of steps, using any necessary organic and inorganic reagents, for the prepa- 
ration of: 

(a) 1-Вшупе from ethyl bromide as the source of all carbon atoms 

(b) 3-Нехупе from 1-butyne 

(c) 3-Hexyne Кот 1-butene 


| 
(d) CH,CCH,CH(CH,), from acetylene 
Treatment of propyne in successive steps with sodium amide, 1-bromobutane, and sodium in 
liquid ammonia yields as the final product 
Give the structures of compounds A through D in the following series of equations. 
NaNH,, NH; 


HBr, heat 


D 
B+D ———— CH,CH,CH,C=CC(CH,), 
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А-7. What are the structures of compounds E and F in the following sequence of reactions? 


О 
1. NaNH,, NH, H,O, Н,50, || 
Compound Е 5 CHCHBr ^ Compound Е — Heo, ^ CH,CH,CCH,CH,CH, 


A-8. Give the reagents that would be suitable for carrying out the following transformation. Two 
or more reaction steps are necessary. 


DO C=CH > | > сњењон 


PART В 
B-1. The IUPAC name for the compound shown is 
СН.СН, 
CH,CHCH,C=CCH(CH;,), 


(a) 2,6-Dimethyl-3-octyne 

(b)  6-Ethyl-2-methyl-3-heptyne 

(c) 2-Ethylpropyl isopropyl] acetylene 
(d) 2-Ethyl-6-methyl-4-heptyne 


B-2. Which of the following statements best explains the greater acidity of terminal alkynes 

(КС==СН) compared with monosubstituted alkenes (КСН==СН,)? 

(a) The sp-hybridized carbons of the alkyne are less electronegative than the sp” carbons 
of the alkene. 

(b) The two т bonds of the alkyne are better able to stabilize the negative charge of the 
anion by resonance. 

(c) The sp-hybridized carbons of the alkyne are more electronegative than the sp? carbons 
of the alkene. 

(d) The question is incorrect—alkenes are more acidic than alkynes. 


B-3. Referring to the following equilibrium (К = alkyl group) 


RCH,CH, + RC=C: RCH,CH, + RC=C—H 
(а) К< 1; the equilibrium would lie to the left. 

(b) K > 1; the equilibrium would lie to the right. 

(c) К = 1; equal amounts of all species would be present. 

(d) Not enough information is given; the structure of R must be known. 


B-4. Which of the following is an effective way to prepare 1-pentyne? 


1. CL 


- ве 
(а) 1-Pentene 2. NaNH,, heat 


1. NaNH, 


(b) Acetylene z CH,CH,CH,Br 


1. NaNH,, NH, 


(c) 1,1-Dichloropentane но 


(d) АП these are effective. 


B-5. Which alkyne yields butanoic acid (CH,CH,CH,CO,H) as the only organic product on treat- 
ment with ozone followed by hydrolysis? 
(a) 1-Butyne (с) 1-Pentyne 
(b) 4-Octyne (d) 2-Hexyne 
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B-6. 


B-8. 


B-9. 


B-10. 


B-11. 
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Which of the following produces a significant amount of acetylide ion on reaction with 
acetylene? 

(a) Conjugate base of CH4OH (pK,16) 

(b) Conjugate base of H, (pK,35) 

(c) Conjugate base of H,O (pK,16) 

(d) Both (a) and (c). 


Which of the following is the product of the reaction of 1-hexyne with | mol of Br,? 


Br 
оз. Cie ee s Bt 
Br 
Br 
(b) Br (e) SAN 
й" Вг 
Вг 


Choose the sequence of steps that describes the best synthesis of 1-butene from ethanol. 


(a) (1) NaC=CH; (c) (1) HBr, heat; 2) NaC=CH; 
(2) Н,, Lindlar Pd (3) HL, Lindlar Pd 

(b) (1) NaC=CH; (d) (1) HBr, heat; (2) KOC(CH,);,, DMSO; 
(2) Ма, NH, (3) МаС=ЕСН; (4) H,, Lindlar Pd 


What is (are) the major product(s) of the following reaction? 


(CH,),CBr + нс=<7 Ма“ 2 
TON 
(a) (СН.)-ССЕЕСН (с) Н.С СН, 
ie 
(b  H,C—CCH, + HC=CH (d) HC=CCH,CH(CH,), 


Which would be the best sequence of reactions to use to prepare cis-3-nonene from 
1-butyne? 

(a) (1) NaNH, in NH,; (2) 1-bromopentane; (3) H,, Lindlar Pd 

(b) (1) NaNH, in NH,; (2) 1-bromopentane; (3) Na, NH, 

(c) (1) H,, Lindlar Pd; (2) NaNH, in NH,; (3) 1-bromopentane 

(d) (1) Na, NH4; 2) NaNH, in NH,; (3) 1-bromopentane 


Which one of the following is the intermediate in the preparation of a ketone by hydration of 
an alkyne in the presence of sulfuric acid and mercury(II) sulfate? 


OH OH 
OH OH 


(a) (b) (c) (d) (e) 
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B-12. Which combination is best for preparing the compound shown in the box? 


(a) 


(b) 


(c) 


(d) 


HG Е 
C—CH,CH,CH,Br “=. 
CH,CH; 
HCH, 
^сненонве =, 
CH,CH; 
H 
HG 1. NaNH,, NH, 
Br y эси снснс=сн ^ 
CH,CH, 
CH 
He ? 1. NaNH,, NH, 
d Br — ыснснсн.с=сн ” 


CHAPTER 10 


CONJUGATION IN ALKADIENES AND 
ALLYLIC SYSTEMS 


SOLUTIONS TO TEXT PROBLEMS 


10.1 As noted in the sample solution to part (a), a pair of electrons is moved from the double bond toward 
the positively charged carbon. 


(b) ic^ ct CH, НС с=сн, 
CH, CH, 


(с) ( sco, ( =“ 


10.2 For two isomeric halides to yield the same carbocation on ionization, they must have the same 
carbon skeleton. They may have their leaving group at a different location, but the carbocations 
must become equivalent by allylic resonance. 


CH, CH, CH, Cl CH, 


— | | | =~ |} | | —— — 


Br 


3-Bromo-1- 3-Chloro-3- 
methylcyclohexene methylcyclohexene 


CH, CH, 
— Not an allylic carbocation 


Br 


4-Bromo-1- 
methylcyclohexene 
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CH, 


CH, 3 
ЈЕ — Not an allylic carbocation 
CI 


5-Chloro-1- 
methylcyclohexene 


CH, 


CH, 2 
а — Not an allylic carbocation 
+ 
Br 


1-Bromo-3- 
methylcyclohexene 


10.3 The allylic hydrogens are the ones shown in the structural formulas. 


^W 
H^ 
y^ 
(b) Су 
H 
лу 
МЕ; 


1-Methylcyclohexene 


XN 
CH; 
(c) 
27 
2,3,3- Trimethyl-1-butene 


27 
(4) cH Не 


1-Octene 


10.4 The statement of the problem specifies that in allylic brominations using N-bromosuccinimide the 
active reagent is Br,. Thus, the equation for the overall reaction is 


H Br 
+ Br, —— + HBr 
H H 


Cyclohexene Bromine 3-Bromocyclohexene Hydrogen 
bromide 


The propagation steps are analogous to those of other free-radical brominations. An allylic hydrogen 
is removed by a bromine atom in the first step. 


Cyclohexene Bromine 2-Cyclohexenyl Hydrogen 
atom radical bromide 
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The allylic radical formed in the first step abstracts a bromine atom from Br, in the second propa- 


gation step. 
H + :BrBr -— + Br: 


2-Cyclohexenyl Bromine 3-Bromocyclohexene Bromine 
radical atom 


10.5 Write both resonance forms of the allylic radicals produced by hydrogen atom abstraction from the 
alkene. 


poh pth Ан, 
(Неа к» (HEC. (CH eG 
CH, CH, CH, 


2,3,3-Trimethyl-1-butene 


Both resonance forms are equivalent, and so 2,3,3-trimethyl-1-butene gives a single bromide on 
treatment with N-bromosuccinimide (NBS). 


(CH,),CC=CH NBS (CH,),CC=CH 
373 | 2 373 2 
CH, CH,Br 
2,3,3- Trimethyl-1- 2-(Bromomethyl)-3,3- 
butene dimethyl-1-butene 


Hydrogen atom abstraction from l-octene gives a radical in which the unpaired electron is 
delocalized between two nonequivalent positions. 


CH,—CHCH,(CH,),CH, CH,—CHCH(CH,),CH, CH,CH—CH(CH,),CH, 


1-Octene 


Allylic bromination of 1-octene gives a mixture of products 


CH,=CHCH,(CH,),CH, NBS CHy=CHCH(CH,) CH, + BrCH,CH=CH(CH.),CH, 
Br 
1-Octene 3-Bromo-1-octene 1-Bromo-2-octene (cis and trans) 


10.6 (b) АП the double bonds in humulene are isolated, because they are separated from each other by 
one or more sp? carbon atoms. 


CH, 


CH, 


H,C 
CH, 


Humulene 
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(c) The C-1 and C-3 double bonds of cembrene are conjugated with each other. 


Cembrene 


The double bonds at C-6 and C-10 are isolated from each other and from the conjugated diene 
system. 

(d) The sex attractant of the dried-bean beetle has a cumulated diene system involving C-4, C-5, 
and C-6. This allenic system is conjugated with the C-2 double bond. 


6 5 4 3 2 1 
CH,(CH,),CH,CH=C=CHCH=CHCO,CH, 


10.7 The more stable the isomer, the lower its heat of combustion. The conjugated diene is the most 
stable and has the lowest heat of combustion. The cumulated diene is the least stable and has the 
highest heat of combustion. 


нс H 
=C, H,C—CHCH,CH—CH, H,C=C=CHCH,CH, 
H CH=CH, 
(E)-1,3-Pentadiene 1,4-Pentadiene 1,2-Pentadiene 
Most stable 3217 kJ/mol Least stable 
3186 kJ/mol (768.9 kcal/mol) 3251 kJ/mol 
(761.6 kcal/mol) (777.1 kcal/mol) 


10.8 Compare the mirror-image forms of each compound for superposability. For 2-methyl-2,3- 
pentadiene, 


2-methyl-2,3-pentadiene 


HCS EH; HC „Сн, 
| і 
| and | 
С 
и X YN 
HC H H CH, 
Reference structure Mirror image 


Rotation of the mirror image 180? around an axis passing through the three carbons of the 
C—C-—C unit demonstrates that the reference structure and its mirror image are superposable. 


HC, CH, HQ CH, 
b b 
T Rotate 180° T 
C C 
PA ф Ys 
H CH, нс H 
Mirror image Reoriented mirror image 


2-Methyl-2,3-pentadiene is an achiral allene. 
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Comparison of the mirror-image forms of 2-chloro-2,3-pentadiene reveals that they are not 
superposable. 2-Chloro-2,3-pentadiene is a chiral allene. 


2-Chloro-2,3-pentadiene 


„ CH CH Cl 
С "ИК Cly es HC. К 
T | j 
C and T Rotate 180° C 
|| || 
С C C 
ÁN Z N ф Z N 
H,C H H CH, нс H 
Reference structure Mirror image Reoriented 


mirror image 
10.9 Both starting materials undergo B-elimination to give a conjugated diene system. Two minor prod- 
ucts result, both of which have isolated double bonds. 
CH, 
H,C—CHCH, PH 
x 


X = OH 3-Methyl-5-hexen-3-ol 
X = Br 4-Bromo-4-methyl-1-hexene 


Faster | | Slower 


т. i iis 
H,C=CHCH=CCH,CH, H,C=CHCH,C=CHCH, + H,C=CHCH,CCH,CH, 
4-Methyl-1,3-hexadiene 4-Methyl-1,4-hexadiene 2-Ethyl-1,4-pentadiene 
(mixture of E and Z isomers; (mixture of E and Z isomers; (minor product) 
major product) minor product) 


10.10 The best approach is to work through this reaction mechanistically. Addition of hydrogen halides 
always proceeds by protonation of one of the terminal carbons of the diene system. Protonation of 
C-1 gives an allylic cation for which the most stable resonance form is a tertiary carbocation. Pro- 
tonation of C-4 would give a less stable allylic carbocation for which the most stable resonance form 
is a secondary carbocation. 


Н.С 
EN 
ЖХ—сн=сн, 
Н.С 
аа: но (CH,),CCH=CH, 
CH Cl 
3 H,C А 
2-Methyl-1,3-butadiene C—CH —CH, 3-Chloro-3-methyl- 1- 
H, С butene (major product) 


Under kinetically controlled conditions the carbocation is captured at the carbon that bears the great- 
est share of positive charge, and the product is the tertiary chloride. 
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10.11 The two double bonds of 2-methyl-1,3-butadiene are not equivalent, and so two different products 
of direct addition are possible, along with one conjugate addition product. 


T T 
Br. 
CER LÀ а ate ас + ВгСН,С==СНСН,Вг 
CH, CH, CH, CH, 
2-Methyl-1,3- 3,4-Dibromo-3- 3,4-Dibromo-2- 1,4-Dibromo-2- 
butadiene methyl-1-butene methyl-1-butene methyl-2-butene 
(direct addition) (direct addition) (conjugate addition) 


10.12 The molecular formula of the product, C,,H4CIO,, is that of a 1:1 Diels-Alder adduct between 


2-chloro-1,3-butadiene and benzoquinone. 
| О H О 
С Z B 
Bue fs 
Su. 
Ó 
2-Chloro-1,3- Benzoquinone 


butadiene 


10.13 “Unravel” the Diels-Alder adduct as described in the sample solution to part (а). 


H C=N 
„СЕМ | Z МЕ. 
(b) is prepared from + | 
сек lee 
H C=N 
Diels—Alder adduct Diene Dienophile 


(cyano groups are cis) 


p О 
27 
(с) О is prepared from + [| o 
SS 
CH, O CH; О 


Diene Dienophile 


10.14 Two stereoisomeric Diels—Alder adducts are possible from the reaction of 1,3-cyclopentadiene and 
methyl acrylate. In one stereoisomer the CO;CH, group is syn to the HC—CH bridge, and is called 
the endo isomer. In the other stereoisomer the CO,CH, group is anti to the HC—CH bridge and is 
called the exo isomer. 


0 О 
[> + H А f / 
2—— 3 H 2 C 
bs 
OCH 


3 


1,3-Cyclopentadiene Methyl acrylate Endo isomer (7596) Exo isomer (2596) 


(Stereoisomeric forms of methyl 
bicyclo[2.2.1 ]hept-5-ene-2-carboxylate) 
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10.15 


10.16 


10.17 


CONJUGATION IN ALKADIENES AND ALLYLIC SYSTEMS 


An electrophile is by definition an electron-seeker. When an electrophile attacks ethylene, it inter- 
acts with the 7 orbital because this is the orbital that contains electrons. The т“ orbital of ethylene is 
unoccupied. 


Analyze the reaction of two butadiene molecules by the Woodward—Hoffmann rules by examining 
the symmetry properties of the highest occupied molecular orbital (HOMO) of one diene and the 
lowest unoccupied molecular orbital (LUMO) of the other. 


This reaction is forbidden by the Woodward—Hoffmann rules. Both interactions involving the ends 
of the dienes need to be bonding for concerted cycloaddition to take place. Here, one is bonding and 
the other is antibonding. 


Dienes and trienes are named according to the IUPAC convention by replacing the -ane ending of 
the alkane with -adiene or -atriene and locating the positions of the double bonds by number. The 
stereoisomers are identified as E or Z according to the rules established in Chapter 5. 


(a) 3,4-Octadiene: CH,CH,CH=C—=CHCH,CH,CH, 
CH,CH, H 
Yee H 
(b)  (E,E)-3,5-Octadiene: / N 
H Jose 
H СЊСН, 


(c) (Z,Z)-1,3-Cyclooctadiene: 


(d) (Z,Z)-1,4-Cyclooctadiene: (У 
Н.С 
Н 


(e (E,E)-1,5-Cyclooctadiene: 


(f) (2E,4Z,6E)-2,4,6-Octatriene: 


HH CH, 
Ж ^а 
H 


H 
(о) 5-Allyl-1,3-cycl di о 
- -]1,3-cyclopentadiene: 
р CH,CH=CH, 
H,C=CH H 


(Л) trans-1,2-Divinylcyclopropane: 
H CH=CH, 


H,C=CCH=CCH, 
(i)  2,4-Dimethyl-1,3-pentadiene: | | 
CH, CH, 
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10.18 (a) H,C=CH(CH,),CH=CH, 


1,8-Nonadiene 


(b) ада. 
CH, 


2,3,4,5-Tetramethyl-2,4-hexadiene 


(c) ша ёа 
CH=CH, 


3-Vinyl-1,4-pentadiene 


CH, 
H 
CH, 
(d) 
3-[sopropenyl-1,4-cyclohexadiene 
н н а 
(е) H 2 ~ЕГ МЕГ H 
C] H H 


(1Z,3E,5Z)-1,6-Dichloro-1,3,5-hexatriene 


(f) H,C—C-—CHCH-—CHCH, 


1,2,4-Hexatriene 


(g) 


(1E,SE,9E)-1,5,9-Cyclododecatriene 


HC, CH=CH, 
(h) eae 
CH,CH; CH,CH, 


(E)-3-Ethyl-4-methyl-1,3-hexadiene 


10.19 (a) Since the product is 2,3-dimethylbutane we know that the carbon skeleton of the starting ma- 
terial must be 
Sd eet 
C C 


Since 2,3-dimethylbutane is СеН а and the starting material is СеН о, two molecules of H, 
must have been taken up and the starting material must have two double bonds. The starting 
material can only be 2,3-dimethyl-1,3-butadiene. 


Pt 


H,C=C——-C=CH, + 2H, 


CH, CH, 


(CH,),CHCH(CH,), 
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(b) Write the carbon skeleton corresponding to 2,2,6,6-tetramethylheptane. 


Ag 


Compounds of molecular formula С Но have two double bonds or one triple bond. The only 
compounds with the proper carbon skeleton are the alkyne and the allene shown. 


(CH;),;CC=CCH,C(CH;),;  (CH;),;CCH=C=CHC(CH,), 


2,2,6,6-Tetramethyl-3-heptyne 2,2,6,6-Tetramethyl-3,4-heptadiene 


10.20 The dienes that give 2,4-dimethylpentane on catalytic hydrogenation must have the same carbon 
skeleton as that alkane. 


pw or pes or =(= 3 > Ра 
27 МЕГ 27 ~ Pt 
(c) 


(a) (b) 
2,4-Dimethyl- 2,4-Dimethyl- 2,4-Dimethyl- 2,4-Dimethylpentane 
1,3-pentadiene 1,4-pentadiene 2,3-pentadiene 
conjugated diene isolated diene cumulated diene 


10.21 The important piece of information that allows us to complete the structure properly is that the ant 
repellent is an allenic substance. The allenic unit cannot be incorporated into the ring, because the 
three carbons must be collinear. The only possible constitution is therefore 


CH, 
CH, | 
НО С=<НССН, 
CH, 
HO 


10.22 (a) Allylic halogenation of propene with N-bromosuccinimide gives allyl bromide. 


н,с=Снсн, “ъ=” Н,С=СНСН,Вг 


Ргорепе Allyl bromide 


(b)  Electrophilic addition of bromine to the double bond of propene gives 1,2-dibromopropane. 


Br. 
H,C—CHCH, : Oe 
Br 
Propene 1,2-Dibromopropane 


(c) 1,3-Dibromopropane is made from allyl bromide from part (a) by free-radical addition of 
hydrogen bromide. 


HBr 
peroxides 


H,C—CHCH,Br BrCH,CH,CH,Br 


Allyl bromide 1,3-Dibromopropane 
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(d) 


(e) 


(Р) 


(2) 


(ћ) 


10.23 (а) 


(b) 


Addition of hydrogen chloride to allyl bromide proceeds in accordance with Markovnikov's 
rule. 


H,C=CHCH,Br © бин 
Cl 
Allyl bromide 1-Bromo-2-chloropropane 


Addition of bromine to allyl bromide gives 1,2,3-tribromopropane. 


Br, 


H,C—CHCH,Br EE 
Br 
Allyl bromide 1,2,3- Tribromopropane 


Nucleophilic substitution by hydroxide on allyl bromide gives allyl alcohol. 


H,C=CHCH,Br 0" 


H,C—CHCH,OH 


Allyl bromide Allyl alcohol 


Alkylation of sodium acetylide using allyl bromide gives the desired 1-penten-4-yne. 


H,C—CHCH,Br ССН, c—CHCH,CeCH 
Allyl bromide ]-Penten-4-yne 


Sodium-ammonia reduction of 1-penten-4-yne reduces the triple bond but leaves the double 
bond intact. Hydrogenation over Lindlar palladium could also be used. 


Na, NH, 
» 
or H,, Lindlar Pd 


H,C=CHCH,C=CH 


H,C=CHCH,CH=CH, 


1-Penten-4-yne 1,4-Pentadiene 


The desired allylic alcohol can be prepared by hydrolysis of an allylic halide. Cyclopentene 
can be converted to an allylic bromide by free-radical bromination with N-bromosuccinimide 
(NBS). 


NBS H,O 
— s = 
D heat, peroxides (в Na,CO, OH 


Cyclopentene 3-Bromocyclopentene 2-Cyclopenten-1-ol 


Reaction of the allylic bromide from part (а) with sodium iodide in acetone converts it to the 


corresponding iodide. 
M ME (у 


3-Bromocyclopentene 3-Iodocyclopentene 
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(c) Nucleophilic substitution by cyanide converts the allylic bromide to 3-cyanocyclopentene. 


Qe ==. Фа 


3-Bromocyclopentene 3-Cyanocyclopentene 


(d) Reaction of the allylic bromide with a strong base will yield cyclopentadiene by an E2 


elimination. 
Br NaOCH,CH, 
pu EIE a 
CH,CH,OH, heat 


3-Bromocyclopentene 1,3-Cyclopentadiene 


(e) Cyclopentadiene formed in part (d) is needed in order to form the required Diels-Alder 


adduct. 
| 
1 1 COCH, 
С CH,OCC=CCOCH, / 
сакра аца к 
ос 
O 
1,3-Cyclopentadiene Dimethyl bicyclo[2.2.1 ]heptadiene- 


2,3-dicarboxylate 
10.24 The starting material in all cases is 2,3-dimethyl-1,3-butadiene. 


ju 
аа 
CH, 


2,3-Dimethyl-1,3-butadiene 


(a) Hydrogenation of both double bonds will occur to yield 2,3-dimethylbutane. 


| н, 
| Pt 


(CH,),CHCH(CH,), 


(b) Direct addition of 1 mol of hydrogen chloride will give the product of Markovnikov addition 
to one of the double bonds, 3-chloro-2,3-dimethyl-1-butene. 


CH, CH, 


| 
Bt (CH), C—CH, 
CH, CI 


| 
лаа. 
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(c) Conjugate addition will lead to double bond migration and produce 1-chloro-2,3-dimethyl- 
2-butene. 


CH, CH, 


| 
На (CH,),C=CCH,Cl 


Hs 
ea mm 
CH, 


(d) The direct addition product is 3,4-dibromo-2,3-dimethyl-1-butene. 


CH, CH, 


| Br, | 
| р 
CH, Br CH, 


(e) The conjugate addition product will be 1,4-dibromo-2,3-dimethyl-2-butene. 


CH, CH, 


| 
несш 
CH, CH, 


(f) Bromination of both double bonds will lead to 1,2,3,4-tetrabromo-2,3-dimethylbutane irre- 
spective of whether the first addition step occurs by direct or conjugate addition. 


CH, Hs CH, 

2Br, 

| - йа 
CH, Br Br 


(g) The reaction of a diene with maleic anhydride is a Diels—Alder reaction. 


O н О 
HC. 7 Н.С 
м + | о O 
Н.С Н.С 
O Но 


10.25 The starting material in all cases is 1,3-cyclohexadiene. 


E 


(a) СусІоһехапе will be the product of hydrogenation of 1,3-cyclohexadiene: 
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(b) Direct addition will occur according to Markovnikov’s rule to give 3-chlorocyclohexene 


___ ва , 
"direct addition ” addition 


3-Chlorocyclohexene 


(c) The product of conjugate addition is 3-chlorocyclohexene also. Direct addition and conjugate 
addition of hydrogen chloride to 1,3-cyclohexadiene give the same product. 


HCl 
es 
conjugate addition 
Cl 


3-Chlorocyclohexene 


(d) Bromine can add directly to one of the double bonds to give 3,4-dibromocyclohexene: 


— C — 
"direct addition * addition 


3,4-Dibromocyclohexene 


(e) Conjugate addition of bromine will give 3,6-dibromocyclohexene: 


Br 
Br, 
с=т= мл er 
conjugate addition 
Br 


3,6-Dibromocyclohexene 


(f) Addition of 2 moles of bromine will yield 1,2,3,4-tetrabromocyclohexane. 


Br 
Br 
© 2Br, 
Br 
Br 


(g) The constitution of the Diels-Alder adduct of 1,3-cyclohexadiene and maleic anhydride will 


have a bicyclo [2.2.2]octyl carbon skeleton. 
H 
/. те 
О 
О 


с-ф 
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10.26 Bond formation takes place at the end of the diene system to give a bridged bicyclic ring system. 


1,3-Cyclohexadiene 


acetylenedicarboxylate 


10.27 The two Diels—Alder adducts formed 


alignments shown: 


CH, 


3-Methylcyclohexene- 
4-carboxaldehyde 


10.28 Compound B arises by way of a 


сосн, 

| | CO,CH, 
С А 

Dimethyl Dimethyl bicyclo[2.2.2]octa- 


2,5-diene-2,3-dicarboxylate 


in the reaction of 1,3-pentadiene with acrolein arise by the two 


О с“ 
CH, 


3-Methylcyclohexene- 
5-carboxaldehyde 


CH 


Diels—Alder reaction between compound A and dimethyl 


acetylenedicarboxylate. Compound A must therefore have a conjugated diene system. 


CH, 
d E = 


Compound А 


HC 


10.29 


+ CH,O,CC=CCO,CH, 


CO,CH, 


H,C7 б $ | 


Compound В 


CO,CH, 


The reaction is a nucleophilic substitution in which the nucleophile (C;H5S ) becomes attached to 


the carbon that bore the chloride leaving group. Allylic rearrangement is not observed; therefore, 
it is reasonable to conclude that an allylic carbocation is not involved. The mechanism is S42. 


CH,CH—CHCH,C| + ( — —SNa chanel „ сњен=снсн5( 


1-Chloro-2-butene 


Sodium 


2-Butenyl phenyl sulfide 


benzenethiolate 


10.30 (a) 


carbocation intermediate. 


Solvolysis of (СН,),С==СНСН,СІ in ethanol proceeds by an S41 mechanism and involves а 


=C 


(CH,),C=CHCH,Cl 


(CHj,C--CH3-CH, (CH,),C—CH=CH, 


1-Chloro-3-methyl-2-butene 


This carbocation has some of the character of a tertiary carbocation. It is more stable and is 
therefore formed faster than allyl cation, CH; —CHCH,. 


(b) 


H,SO, 


CH,—CHCHCH, —,5 
2 


| 
OH 


3-Buten-2-ol 


An allylic carbocation is formed from the alcohol in the presence of an acid catalyst. 


ene CH,—=CHCHCH, + H,O 
Qu 
O 
ai 
H H 
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This carbocation is a delocalized one and can be captured at either end of the allylic system by 
water acting as a nucleophile. 


+ m> CH,—CHCHCH, CH,—CHCHCH,; 
CH,—CHCHCH, |. | 
Dn OH 
H,O H H 3-Buten-2-ol 
+ H 
CH,CH=CHCH, Nu —н* 
=> Jer ie CH—=CHCH, HOCH,CH=CHCH, 
H 2-Buten-1-ol 
(c) Hydrogen bromide converts the alcohol to an allylic carbocation. Bromide ion captures this 
carbocation at either end of the delocalized allylic system. 
H 
HBr +f + 
CH,CH=CHCH,OH CH,CH-—CHCH,— 4 CH4CH—CHCH, 
H 


(d) 


(e) 


10.31 


2-Buten-1-ol 


, r— CH,CH=CHCH,Br 
CH,CH=CHCH, 
1-Bromo-2-butene 
Br. 


CH,CHCH—CH, 


— шш 


Вг 


3-Bromo-1-butene 


The same delocalized carbocation is formed from 3-buten-2-ol as from 2-buten-1-ol. 


r + 
ee a CH,CHCH=CH, CH,CH=CHCH, 
OH 
3-Buten-2-ol 


Since this carbocation is the same as the one formed in part (c), it gives the same mixture of 
products when it reacts with bromide. 
We are told that the major product is 1-bromo-2-butene, not 3-bromo-1-butene. 


CH,CH=CHCH,Br а 


Вг 
1-Bromo-2-butene 3-Bromo-1-butene 
(major) (minor) 


The major product is the more stable one. It is a primary rather than a secondary halide and 
contains a more substituted double bond. The reaction is therefore governed by thermody- 
namic (equilibrium) control. 


Since both products of reaction of hydrogen chloride with vinylacetylene are chloro-substituted 


dienes, the first step in addition must involve the triple bond. The carbocation produced is an allylic 
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vinyl cation for which two Lewis structures may be written. Capture of this cation gives the prod- 
ucts of 1,2 and 1,4 addition. The 1,2 addition product is more stable because of its conjugated sys- 
tem. The observations of the experiment tell us that the 1,4 addition product is formed faster, 
although we could not have predicted that. 


HC=C—CH=CH, — > | y,c=C—cH=cH, + H,C=C=CH—CH, 


Vinylacetylene 


рал: + н,С=С=Сн—СН,С1 


С1 
2-Chloro-1,3-butadiene 4-Chloro-1,2-butadiene 
(1,2 addition) (1,4 addition) 
10.32 (а) The two equilibria are: 
For (E)-1,3-pentadiene: 
HC H HC H 
- t = 
H = H H 
H H H { 
Н 
s-trans s-cis 
For (Z)-1,3-pentadiene: 
H H H H 
—= Н —= 
HC Ж = нс j-H 
Н Н Н 
Н 
s-trans S-CiS 


(b) The s-cis conformation of (Z)-1,3-pentadiene is destabilized by van der Waals strain involv- 


ing the methyl group. 
H H 
7 `H Methyl-hydrogen 2 `H | Hydrogen-hydrogen 
N CH, repulsion а H | repulsion 
H CH, 
s-cis conformation of s-cis conformation of 
(Z)-1,3-pentadiene (E)-1,3-pentadiene 


The equilibrium favors the s-trans conformation of (Z)-1,3-pentadiene more than it does that 
of the E isomer because the s-cis conformation of the Z isomer has more van der Waals strain. 
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10.33 Compare the mirror-image forms of each compound for superposability. 
2-Methyl-2,3-hexadiene 


(a) 
HC. ae ЊЕ oo 
| T 
| and | 
С С 
Foes SN 
CH,CH, H H CH,CH, 


Reference structure Mirror image 


Rotation of the mirror image 180° around an axis passing through the three carbons of the 
С==С==С unit demonstrates that the reference structure and its mirror image are superposable. 


HC, CH; Н.С. СН; 
м Y 
| Rotate 180° | 
C С 
/ N ф / N 
Н  CHCH, CH,CH, Н 


Reoriented mirror image 


Mirror image 


2-Methyl-2,3-hexadiene is an achiral allene. 
The two mirror-image forms of 4-methyl-2,3-hexadiene are as shown: 


(b) 
HC. Н HC. „Н н, СН 

M VS M VS “г? 
| і | 
| T Rotate 180? f 
C C tp С 

нс” "CH,CH, CH,CHY “сн, H,C/ CH,CH, 

Mirror image Reoriented 
mirror image 


Reference structure 


The two structures cannot be superposed. 4-Methyl-2,3-hexadiene is chiral. Rotation of either 
representation 180° around an axis that passes through the three carbons of the С=С==С unit 


leads to superposition of the groups at the “bottom” carbon but not at the “ор.” 
2,4-Dimethyl-2,3-pentadiene is achiral. Its two mirror-image forms аге superposable. 


(c) 


HC, CH, HQ CH; 
X Y 
| | 
С С 
YN YN 
нс CH, H,C CH, 
Mirror image 


Reference structure 
The molecule has two planes of symmetry defined by the three carbons of each CH,CCH, unit. 


Carbons 2 and 3 of 1,2,3-butatriene are sp-hybridized, and the bonding is an extended version 
of that seen in allene. Allene is nonplanar; its two CH, units must be in perpendicular planes 


10.34 (а) 
in order to maximize overlap with the two mutually perpendicular p orbitals at C-2. With one 
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more sp-hybridized carbon, 1,2,3-butatriene has an “extra turn” in its carbon chain, making 
the molecule planar. 


H H 
М 
н\н 
Nonplanar geometry of allene All atoms of 1,2,3-butatriene 


lie in same plane. 


(b) The planar geometry of the cumulated triene system leads to the situation where cis and trans 
stereoisomers are possible for 2,3,4-hexatriene (СН,СН==С==С==СНСН,). Cis-trans 
stereoisomers are diastereomers of each other. 


HU JH UN УОН, 
етк Ро 74 
Н.С CH, нюс H 
cis-2,3,4-Hexatriene trans-2,3,4-Hexatriene 


10.35 Reaction (a) is an electrophilic addition of bromine to an alkene; the appropriate reagent is bromine 
in carbon tetrachloride. 


(74%) 


Reaction (b) is an epoxidation of an alkene, for which almost any peroxy acid could be used. 
Peroxybenzoic acid was actually used. 


О 
Вг [| Вг 
C,H;COOH 
з жй. 
Вг“ Вг“ 


(69%) 


Reaction (с) is an elimination reaction of a vicinal dibromide to give a conjugated diene and re- 
quires E2 conditions. Sodium methoxide in methanol was used. 


(80%) 


Reaction (d) is a Diels—Alder reaction in which the dienophile is maleic anhydride. The 
dienophile adds from the side opposite that of the epoxide ring. 


О О 
С> — j 
О 
O О 
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10.36 То predict the constitution of the Diels-Alder adducts, we can ignore the substituents and simply 
remember that the fundamental process is 


2 
E — D 


OCH, | ОСН, 
C CO,CH, 
(а) + || — 
(CH,),SiO < i (СНО СО.СН, 
СО.СН, 
CO,CH, Q 
dem 
o Deed Ду 
ji 
CO,CH, CO,CH, 
CH4OCH, 
NO, H 


(о) > сњосн, +f = / © 
2 


10.37 The carbon skeleton of dicyclopentadiene must be the same as that of its hydrogenation product, and 
dicyclopentadiene must contain two double bonds, since 2 mol of hydrogen are consumed in its 
hydrogenation (СН СН). 

The molecular formula of dicyclopentadiene (СН) is twice that of 1,3-cyclopentadiene 
(C5H,), and its carbon skeleton suggests that 1,3-cyclopentadiene is undergoing а Diels—Alder reac- 
tion with itself. Therefore: 


XD — ДО == As 


СН C;H, Dicyclopentadiene СН 
СН), 


One molecule of 1,3-cyclopentadiene acts as the diene, апа the other acts as ће dienophile in this 
Diels—Alder reaction. 


10.38 (a) Since allyl cation is positively charged, examine the process in which electrons "flow" from 
the HOMO of ethylene to the LUMO of allyl cation. 


HOMO 


Antibonding 2 Bonding 


LUMO 
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This reaction is forbidden. The symmetries of the orbitals are such that one interaction is 
bonding and the other is antibonding. 
The same answer is obtained if the HOMO of allyl cation and the LUMO of ethylene are 
examined. 
(b) In this part of the exercise we consider the LUMO of allyl cation and the HOMO of 1,3- 
butadiene. 


ee 


Bonding / 


This reaction is allowed by the Woodward—Hoffmann rules. Both interactions are bonding. 
The same prediction would be arrived at if the HOMO of allyl cation and LUMO of 1,3-buta- 
diene were the orbitals considered. 


10.39 Since oxygen has two unpaired electrons, it can abstract a hydrogen atom from the allylic position 
of cyclohexene to give a free-radical intermediate. 


uu + HO—O: 
H H H 


The cyclohexenyl radical is resonance-stabilized. It reacts further via the following two propagation 
steps: 


H H Ọ—Ọ: 
+ — + 
H 0—Ó HH H OOH H 


10.40-10.41 Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man- 


SELF-TEST 


ual. You should use Learning By Modeling for these exercises. 


PART A 


A-1. Give the structures of all the constitutionally isomeric alkadienes of molecular formula 
C,H. Indicate which are conjugated and which are allenes. 


A-2. Provide the IUPAC name for each of the conjugated dienes of the previous problem, includ- 
ing stereoisomers. 


A-3. Hydrolysis of 3-bromo-3-methylcyclohexene yields two isomeric alcohols. Draw their 
structures and the structure of the intermediate that leads to their formation. 
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Give the chemical structure of the reactant, reagent, or product omitted from each of the 
following: 


Br, 


(a)  CH4CH-—CHCH--CHCH, ? (two products) 


НСІ (1 mol) 
(b) | CH,—CHCH-—CH, ——— ? (two products) 


9 Diels—Alder 


(c) 
O 
O 
О 
Вг 
„СО —— соса 
Вг 


|| 
(e) (7 + CH,OCC=CCOCH, 


А-5. Опе of the isomeric conjugated dienes having the formula C,H, is not able to react with a 
dienophile in a Diels—Alder reaction. Draw the structure of this compound. 
A-6. Draw the structure of the carbocation formed on ionization of the compound shown. A con- 
stitutional isomer of this compound gives the same carbocation; draw its structure. 
it 
P and 
CH, 
A-7. Give the structures of compounds A and B in the following reaction scheme. 
NBS Nal 
CCL, heat Compound A оне Compound В 
А-8. Give the reagents necessary to carry out the following conversion. Note that more than one 
reaction step is necessary. 
== Вг 
PART В 
B-1. 2,3-Pentadiene, CH4CH —C-——CHCH,, is 


(a) A planar substance 

(b) An allene 

(c) A conjugated diene 

(d) A substance capable of cis-trans isomerism 
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B-2. Rank the following carbocations in order of increasing stability (least — most): 


CH,CHCH, CH,CHCH=CHCH, (CH,),CCH, 
1 2 3 


(а) 1<2<3 @: 3<1<2 
(b 2<3<1 (d) 2<1<3 


B-3. Hydrogenation of cyclohexene releases 120 kJ/mol (28.6 kcal/mol) of heat. Which of the 
following most likely represents the observed heat of hydrogenation of 1,3-cyclohexadiene? 


(a) 232 kJ/mol (55.4 kcal/mol) 
(b) 240 kJ/mol (57.2 kcal/mol) 
(c) 247 kJ/mol (59.0 kcal/mol) 
(d) 120 kJ/mol (28.6 kcal/mol) 


B-4. Which of the following compounds give the same carbocation on ionization? 


1 2 3 4 
(a) 1апаз (c) land2 
(b)  2and4 (d) land4 


B-5.  Forthe following reactions the major products are shown: 


CH,—CH—CH-CH, "ma CH. CHE нон UC (ааа 
Вг Вг 
These provide an example of control at low temperature and control at 
1 2 


higher temperature. 


1 2 
(a) kinetic thermodynamic 
(b) thermodynamic kinetic 
(c) kinetic kinetic 
(d) thermodynamic thermodynamic 


B-6. Which of the following C—H bonds would have the smallest bond dissociation energy? 


j р 
(a) CH,CHCH, (© СЊСЊСН, 
H H 


|= 


[= 
(b)  CH,CH—CH (а) H,C—CH—CHCH, 
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B-7. Which of the following compounds would undergo solvolysis (S41) most rapidly in aqueous 
ethanol? 


B-8. What is the product of 1,4-addition in the reaction shown? 


B-9. Which of the following compounds will undergo hydrolysis (S41) to give a mixture of two 
alcohols that are constitutional isomers? 


(a) MEE (c) xd 
(b) ( а (d) с. 


B-10. What hydrocarbon reacts with the compound shown (on heating) to give the indicated 


product? 
O O 
Н.С 
| О O 
O O 
(a) 2-Methyl-1-butene (d) 2-Methyl-1,3-butadiene 
(b) 2-Methyl-2-butene (e) 1,3-Pentadiene 


(c) 3-Methyl-1-butyne 


CHAPTER 11 
ARENES AND AROMATICITY 


SOLUTIONS TO TEXT PROBLEMS 


11.1 Toluene is C;H;CH;; it has a methyl group attached to a benzene ring. 


CH, CH, CH, 


Kekulé forms of toluene Robinson symbol 
for toluene 


Benzoic acid has a —CO,H substituent on the benzene ring. 


CO,H CO,H CO,H 
Kekulé forms of benzoic acid Robinson symbol 


for benzoic acid 


CJ + н, AH? = ~110 KI (7263 kcal) _ С) 


Cycloheptene Cycloheptane 


11.2 Given 


and assuming that there is no resonance stabilization in 1,3,5-cycloheptatriene, we predict that 
its heat of hydrogenation will be three times that of cycloheptene or 330 kJ/mol (78.9 kcal/mol). 
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The measured heat of hydrogenation is 
n 3H, AH? = ~305 kJ (73.0 keal) _ 
1,3,5-Cycloheptatriene Cycloheptane 
Therefore 


Resonance energy = 330 kJ/mol (predicted for no delocalization) — 305 kJ/mol (observed) 
25 kJ/mol (5.9 kcal/mol) 


The value given in the text for the resonance energy of benzene (152 kJ/mol) is six times larger than 
this. 1,3,5-Cycloheptatriene is not aromatic. 


11.3 (b) 


The parent compound is styrene, СН; СН==<Н,. The desired compound has a chlorine in the 
meta position. 


CH=CH, 


Cl 


m-Chlorostyrene 
(c) 


The parent compound is aniline, CCH;NH,. p-Nitroaniline is therefore 


NH, 


NO, 


p-Nitroaniline 


11.4 The most stable resonance form is the one that has the greatest number of rings that correspond to 


Kekulé formulations of benzene. For chrysene, electrons are moved in pairs from the structure given 
to generate a more stable one: 


Less stable: two rings have 


More stable: four rings have 
benzene bonding pattern. benzene bonding pattern. 


11.5 Birch reductions of monosubstituted arenes yield 1,4-cyclohexadiene derivatives in which the alkyl 


group is a substituent on the double bond. With p-xylene, both methyl groups are double-bond sub- 
stituents in the product. 


Na, NH, 


Н.С \ / CH, -снснон” нс уон, 


р-ХУепе 


1,4-Dimethyl-1,4- 
cyclohexadiene 


11.6 


11.7 


11.8 
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(b) Only the benzylic hydrogen is replaced by bromine in the reaction of 4-methyl-3-nitroanisole 
with N-bromosuccinimide. 


OCH, OCH, 
NBS 
80°C, peroxides 
NO, NO, 
CH, СН,Вг 
Еа Only these hydrogens 


are benzylic. 


The molecular formula of the product is C,,H,,O,. Since it contains four oxygens, the product must 
have two —СО.Н groups. None of the hydrogens of a tert-butyl substituent on a benzene ring is 
benzylic, and so this group is inert to oxidation. Only the benzylic methyl groups of 4-fert-butyl-1,2- 
dimethylbenzene are susceptible to oxidation; therefore, the product is 4-tert-butylbenzene- 1 ,2- 
dicarboxylic acid. 


CH,),C з 
(CH), Na,Cr,0, К 
MÀ 
H,O, H,SO,, heat 
Not benzyli аА p 
ot benzylic i 
| СН Susceptible СОН 
hydrogens; M — to oxidation | 


not readily 
oxidized 4-tert-Butylbenzene- 
1,2-dicarboxylic acid 


Each of these reactions involves nucleophilic substitution of the 5,2 type at the benzylic position of 
benzyl bromide. 


it Ста (% 
(b) (CH,),CO: CH,-Br CH,OC(CH,), 
tert-Butoxide Benzyl bromide Benzyl tert-butyl ether 


CH,N=N=N=- 


Е 


oe om! 
(c) 3N—N-—N: CH,-B 


Azideion Benzyl bromide Benzyl azide 
ф  HS/^ сн, СВ: CH,SH 
——— 
Hydrogen Benzyl bromide Phenylmethanethiol 


sulfide ion 


(e) JE CH,-—Br CHI 


—Q 


Iodide ion Benzyl bromide Benzyl iodide 
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11.9 The dihydronaphthalene in which the double bond is conjugated with the aromatic ring is more sta- 
ble; thus 1,2-dihydronaphthalene has a lower heat of hydrogenation than 1,4-dihydronaphthalene. 


1,2-Dihydronaphthalene 1,4-Dihydronaphthalene 
Heat of hydrogenation Heat of hydrogenation 
101 kJ/mol (24.1 kcal/mol) 113 kJ/mol (27.1 kcal/mol) 


11.10 (b) The regioselectivity of alcohol formation by hydroboration-oxidation is opposite that pre- 
dicted by Markovnikov's rule. 


1. ВН 
(Усс, > во, но” (У снсњон 
CH, CH, 
2-Phenylpropene 2-Phenyl-1-propanol (92%) 


(c) Bromine adds to alkenes in aqueous solution to give bromohydrins. A water molecule acts as 
a nucleophile, attacking the bromonium ion at the carbon that can bear most of the positive 
charge, which in this case is the benzylic carbon. 


E 
CH=CH, | CHCH,Br 
I 
Styrene 2-Bromo-1-phenylethanol (8296) 
(d)  Peroxy acids convert alkenes to epoxides. 
| | 
{ \-cu=cn, T {_у—боон € у св—сн, + ВЕ 

ЖА 

О 
Styrene Peroxybenzoic acid Epoxystyrene Benzoic acid 

(69-75%) 


11.11 Styrene contains a benzene ring and will be appreciably stabilized by resonance, which makes it 
lower in energy than cyclooctatetraene. 


(усне. 


Structure contains ап 
aromatic ring. 


Styrene: heat of Cyclooctatetraene (not aromatic): 
combustion 4393 kJ/mol heat of combustion 4543 kJ/mol 
(1050 kcal/mol) (1086 kcal/mol) 


11.12 The dimerization of cyclobutadiene is a Diels—Alder reaction in which one molecule of cyclobuta- 
diene acts as a diene and the other as a dienophile. 


hy ~ | Ер 


N 


Diene Dienophile Diels-Alder adduct 


1.13 (b) Since twelve 2p orbitals contribute to the cyclic conjugated system of [12]-annulene, there 
will be 127r molecular orbitals. These MOs are arranged so that one is of highest energy, one 
is of lowest energy, and the remaining ten are found in pairs between the highest and lowest 
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energy orbitals. There are 1277 electrons, and so the lowest 5 orbitals are each doubly occu- 
pied, whereas each of the next 2 orbitals—orbitals of equal energy—is singly occupied. 


Antibonding orbitals (5) 


Nonbonding orbitals (2) + + 
Bonding orbitals (5) +- +- 


11.14 One way to evaluate the relationship between heats of combustion and structure for compounds that 
are not isomers is to divide the heat of combustion by the number of carbons so that heats of com- 
bustion are compared on a “per carbon” basis. 


m 
Su 
Benzene Cyclooctatetraene [16]-Annulene 18]-Annulene 
Heats of combustion: 
3265 kJ/mol 4543 kJ/mol 9121 kJ/mol 9806 kJ/mol 
(781 kcal/mol) (1086 kcal/mol) (2182 kcal/mol) (2346 kcal/mol) 
Heats of combustion 
per carbon: 
544 kJ/mol 568 kJ/mol 570 kJ/mol 545 kJ/mol 
(130 kcal/mol) (136 kcal/mol) (136 kcal/mol) (130 kcal/mol) 


As the data indicate (within experimental error), the heats of combustion per carbon of the two aro- 
matic hydrocarbons, benzene and [18]-annulene, are equal. Similarly, the heats of combustion per 
carbon of the two nonaromatic hydrocarbons, cyclooctatetraene and [16]-annulene, are equal. The 
two aromatic hydrocarbons have heats of combustion per carbon that are less than those of the 
nonaromatic hydrocarbons. On a per carbon basis, the aromatic hydrocarbons have lower potential 
energy (are more stable) than the nonaromatic hydrocarbons. 


11.15 The seven resonance forms for tropylium cation (cycloheptatrienyl cation) may be generated by 
moving 7 electrons in pairs toward the positive charge. The resonance forms are simply a succes- 
sion of allylic carbocations. 


H H 
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11.16 Resonance structures are generated for cyclopentadienide anion by moving the unshared electron 
pair from the carbon to which it is attached to a position where it becomes a shared electron pair in 
a п bond. 


H H H H H H H H H H 
Ay T 
<> —> я> 6 я> 
н н н н H 


11.17 The process is an acid-base reaction in which cyclopentadiene transfers a proton to amide ion (the 
base) to give the aromatic cyclopentadienide anion. The sodium ion (Ма*) has been omitted from 
the equation. 


1,3-Cyclopentadiene Amide ion Cyclopentadienide Ammonia 
anion 


1.18 (b) Cyclononatetraenide anion has 10 т electrons; it is aromatic. The 10 т electrons are most 
easily seen by writing a Lewis structure for the anion: there are 2 т electrons for each of four 
double bonds, and the negatively charged carbon contributes 2. 


11.19  Indole is more stable than isoindole. Although the bonding patterns in both five-membered rings are 
the same, the six-membered ring in indole has a pattern of bonds identical to benzene and so is 
highly stabilized. The six-membered ring in isoindole is not of the benzene type. 


Six-membered \ 22 Six-membered ring does 
ring corresponds :NH э not have same pattern of 
to benzene. N = bonds as benzene. 

H 


Indole Isoindole 
more stable less stable 


11.20 The prefix benz- in benzimidazole (structure given in text) signifies that a benzene ring is fused to 
an imidazole ring. By analogy, benzoxazole has a benzene ring fused to oxazole. 


D Оў 


Benzimidazole Benzoxazole 


Similarly, benzothiazole has a benzene ring fused to thiazole. 


CES 


Benzothiazole 
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11.21 Write structural formulas for the species formed when a proton is transferred to either of the two 
nitrogens of imidazole. 


Protonation of N-1: 


EN Я э 
б d 
IN iN 
| УМ, 
H н H 


The species formed on protonation of N-1 is not aromatic. The electron pair of N-1 that contributes 
to the aromatic 6 zr-electron system of imidazole is no longer available for this purpose because it is 
used to form a covalent bond to the proton in the conjugate acid. 


Protonation of N-3: 


H 
К T a 
M NE NE 
6 C 
| н 


The species formed on protonation of N-3 is aromatic. Electron delocalization represented by the 
resonance forms shown allows the 6 п-@есиоп aromatic system of imidazole to be retained in its 
conjugate acid. The positive charge is shared equally by both nitrogens. 


ја Vis 
ND N: 
[39 —©) 
| 


| 


11.22 Since the problem requires that the benzene ring be monosubstituted, all that needs to be examined 
are the various isomeric forms of the C,H, substituent. 


p? 
pv је“ 
Butylbenzene sec-Butylbenzene 
(1-phenylbutane) (2-phenylbutane) 
су e 
Isobutylbenzene tert-Butylbenzene 
(2-methyl-1-phenylpropane) (2-methyl-2-phenylpropane) 


These are the four constitutional isomers. sec-Butylbenzene is chiral and so exists in enantiomeric 
Rand S forms. 


11.23 (a) An allyl substituent is —CH,CH—CH,. 


: CH,CH—CH, 


Allylbenzene 
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(b) The constitution of 1-phenyl-1-butene is C;SH;CH—CHCH,;CH,. The Е stereoisomer is 


ae 
С РА 


=C 
H CH,CH, 
(E)-1-Phenyl-1-butene 
The two higher ranked substituents, phenyl and ethyl, are on opposite sides of the double bond. 
(c) Тһе constitution of 2-phenyl-2-butene is CH,C—CHCH,. The Z stereoisomer is 


СН; 


Ch, 
с=с 
> 


нс” H 
(Z)-2-Phenyl-2-butene 


The two higher ranked substituents, phenyl and methyl, are on the same side of the double bond. 
(d) 1-Phenylethanol is chiral and has the constitution CH;CHC;H;. Among the substituents 


| 
OH 


attached to the stereogenic center, the order of decreasing precedence is 
НО > C,H, > СН. > H 


In the R enantiomer the three highest ranked substituents must appear in a clockwise sense in 
proceeding from higher ranked to next lower ranked when the lowest ranked substituent is di- 
rected away from you. 


(R)-1-Phenylethanol 


(e) A benzyl group is C;H;CH,—-. Benzyl alcohol is therefore САН СЊОН and o-chlorobenzyl 


alcohol is 
Cl 


(f) In p-chlorophenol the benzene ring bears a chlorine and a hydroxyl substituent in a 1,4- 


substitution pattern. 
OH 


Cl 
p-Chlorophenol 


(g) Benzenecarboxylic acid is an alternative IUPAC name for benzoic acid. 
CO,H 
NO, 


2-Nitrobenzenecarboxylic acid 
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(h) 


(0 


(7) 


(k) 


11.24 (а) 
(b) 
(c) 


Two isopropyl groups are in a 1,4 relationship in p-diisopropylbenzene. 


CH(CH,), 


CH(CH); 
p-Diisopropylbenzene 
Aniline is CCH5NH,. Therefore 
NH, 


2,4,6-Tribromoaniline 
[| 
Acetophenone (from text Table 11.1) is C;H5CCH,. Therefore 


NO, 
m-Nitroacetophenone 


Styrene is C;H;CH—CH, and numbering of the ring begins at the carbon that bears the side 
chain. 


CH,CH, 
3 2 


Br —CH=CH, 


4 
5 6 


4-Bromo-3-ethylstyrene 


Anisole is the name for C,H;OCH;, and allyl is an acceptable name for the group 
H,C—CHCH,—. Number the ring beginning with the carbon that bears the methoxy group. 
Phenol is the name for C;H,OH. The ring is numbered beginning at the carbon that bears the 
hydroxyl group, and the substituents are listed in alphabetical order. 

Aniline is the name given to CCH;NH,. This compound is named as a dimethyl derivative of 
aniline. Number the ring sequentially beginning with the carbon that bears the amino group. 


OCH, OH NH, 
; jets I HO ŻA „СН, 
$ ? М 5 | 2 
5 3 5 3 5 3 
4 4 4 
CH,CH=CH, NO, 
Estragole Diosphenol m-Xylidine 


4-Allylanisole 2,6-Diiodo-4-nitrophenol 2,6-Dimethylaniline 
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(a) There are three isomeric nitrotoluenes, because the nitro group can be ortho, meta, ог para to 


the methyl group. 


CH, 


NO, 


o-Nitrotoluene 
(2-nitrotoluene) 


CH, 


NO, 


m-Nitrotoluene 
(3-nitrotoluene) 


CH, 


NO, 


p-Nitrotoluene 
(4-nitrotoluene) 


(b)  Benzoic acid is С.Н;СО,Н. In the isomeric dichlorobenzoic acids, two of the ring hydrogens 
of benzoic acid have been replaced by chlorines. The isomeric dichlorobenzoic acids are 


COH 
CI 


Cl 


2,3-Dichlorobenzoic 
acid 


CO,H 
cl CI 


2,6-Dichlorobenzoic 
acid 


COH 
CI 


Cl 


2,4-Dichlorobenzoic 
acid 


CO,H 


CI 
CI 


3,4-Dichlorobenzoic 
acid 


COH 
CI 


Cl 


2,5-Dichlorobenzoic 
acid 


CO,H 


Cl Cl 


3,5-Dichlorobenzoic 
acid 


The prefixes o-, m-, and p- may not be used in trisubstituted arenes; numerical prefixes are 
used. Note also that benzenecarboxylic may be used in place of benzoic. 

(c) In the various tribromophenols, we are dealing with tetrasubstitution on a benzene ring. 
Again, o-, m-, and p- are not valid prefixes. The hydroxyl group is assigned position 1 because 


the base name is phenol. 


OH 
Br 


Br 
Br 


2,3,4-Tribromophenol 


OH 
Br 


Br 
Br 


2,4,5-Tribromophenol 


2,3,5-Tribromophenol 


OH 
Br Br 


Br 


2,4,6-Tribromophenol 


Br 


2,3,6-Tribromophenol 


OH 


Br Br 
Br 


3,4,5-Tribromophenol 
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(d) There are only three tetrafluorobenzenes. The two hydrogens may be ortho, meta, or para to 


each other. 
H H H 
F H F F F F 
F F F H F F 
F F H 
1,2,3,4-Tetrafluorobenzene 1,2,3,5-Tetrafluorobenzene 1,2,4,5-Tetrafluorobenzene 


(e) There are only two naphthalenecarboxylic acids. 


CO,H 

d 
Naphthalene-1- Naphthalene-2- 
carboxylic acid carboxylic acid 


(f) There are three isomeric bromoanthracenes. All other positions are equivalent to one of 
these. 


oco ооо“ oco 


1-Bromoanthracene 2-Bromoanthracene 9-Bromoanthracene 


11.26 There are three isomeric trimethylbenzenes: 


CH, CH, CH, 
: ^ CH, : 
CH, Н.С CH, 
CH, 


1,2,3-Trimethylbenzene 1,2,4-Trimethylbenzene 1,3,5-Trimethylbenzene 


Their relative stabilities are determined by steric effects. Mesitylene (the 1,3,5-trisubstituted iso- 
mer) is the most stable because none of its methyl groups are ortho to any other methyl group. 
Ortho substituents on a benzene ring, depending on their size, experience van der Waals strain in the 
same way that cis substituents on a carbon-carbon double bond do. Because the carbon-carbon 
bond length in benzene is somewhat longer than in an alkene, these effects are smaller in magni- 
tude, however. The 1,2,4-substitution pattern has one methyl-methyl repulsion between ortho sub- 
stituents. The least stable isomer is the 1,2,3-trimethyl derivative, because it is the most crowded. 
The energy differences between isomers are relatively small, heats of combustion being 5198, 
5195, and 5193 kJ/mol (1242.4, 1241.6, and 1241.2 kcal/mol) for the 1,2,3, 1,2,4, and 1,3,5 
isomers, respectively. 
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11.27 p-Dichlorobenzene has a center of symmetry. Each of its individual bond moments is balanced 
by an identical bond dipole oriented opposite to it. p-Dichlorobenzene has no dipole moment. 
o-Dichlorobenzene has the largest dipole moment. 


Cl Cl Cl 
Cl 
Cl 
Cl 
o-Dichlorobenzene m-Dichlorobenzene p-Dichlorobenzene 
и = 2.270 и = 1.48) и= 0р 


11.28 The shortest carbon-carbon bond in styrene is ће double bond of the vinyl substituent; its length is 
much the same as the double-bond length of any other alkene. The carbon-carbon bond lengths of 
the ring are intermediate between single- and double-bond lengths. The longest carbon-carbon bond 
is the sp? to sp? single bond connecting the vinyl group to the benzene ring. 


140 pm 147 pm 


11.29 Move п electron pairs as shown so that both six-membered rings have an arrangement of bonds that 


corresponds to benzene. 


Less stable More stable 


11.30 (а) In the structure shown for naphthalene, one ring but not the other corresponds to a Kekulé 
form of benzene. We say that one ring is benzenoid, and the other is not. 


SN. This six-membered ring is not benzenoid 
di (does not correspond to Kekulé form of 


benzene). 


This six-membered ring is benzenoid 
‘corresponds to a Kekulé form of benzene). 


By rewriting the benzenoid ring in its alternative Kekulé form, both rings become benzenoid. 


BO OC 


Both rings 
are benzenoid. 


(b) Here a cyclobutadiene ring is fused to benzene. By writing the alternative resonance form of 
cyclobutadiene, the six-membered ring becomes benzenoid. 


СаО 
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(c) The structure portrayed for phenanthrene contains two terminal benzenoid rings and a non- 
benzenoid central ring. All three rings may be represented in benzenoid forms by converting 
one of the terminal six-membered rings to its alternative Kekulé form as shown: 


2? 05 


Central ring All three rings 
not benzenoid benzenoid 


(d) Neither of the six-membered rings is benzenoid in the structure shown. By writing the cyclo- 
octatetraene portion of the molecule in its alternative representation, the two six-membered 
rings become benzenoid. 


Six-membered rings Six-membered rings 
. — " 
are not benzenoid. are benzenoid. 


11.31 (а) Hydrogenation of isopropylbenzene converts the benzene ring to a cyclohexane unit. 


H, (3 mol) 
(сне, cU Jef ИВ 


Isopropylbenzene Isopropylcyclohexane 


(b) Sodium and ethanol in liquid ammonia is the combination of reagents that brings about Birch 
reduction of benzene rings. The 1,4-cyclohexadiene that is formed has its isopropyl group as 
a substituent on one of the double bonds. 


Na, ethanol 
(енен, = { у—снєну, 


Isopropylbenzene 1-Isopropyl-1,4-cyclohexadiene 


(c) Oxidation of the isopropyl side chain occurs. The benzene ring remains intact. 


О 
Na;Cr;O;, H,O | | 
$ 
CH(CH,), peus COH 
Isopropylbenzene Benzoic acid 


(d) N-Bromosuccinimide is a reagent effective for the substitution of a benzylic hydrogen. 


|^ 
N-Bromosuccinimide 
EORR a == 
€% CH(CH3), benzoyl peroxide, C 2 C—Br 
heat | 
CH, 


Isopropylbenzene 2-Bromo-2-phenylpropane 
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(e) The tertiary bromide undergoes E2 elimination to give a carbon-carbon double bond. 
CH, 
| NaOCH,CH, 
T Br CH,CH,OH 
CH, 


2-Bromo-2-phenylpropane 


11.32 
as indicated. 


CH 
ZA 2 
> сё 
Ф \ 
CH, 


2-Phenylpropene 


All the specific reactions in this problem have been reported in the chemical literature with results 


(a) Hydroboration—oxidation of alkenes leads to syn anti-Markovnikov hydration of the double 

bond. 
H OH 
Сен; CH. = 
= L. BH, бозы ман 
ш 2.H,0, , HO™ 
1-Phenylcyclobutene trans-2-Phenyl- 
cyclobutanol (8296) 

(b The compound contains a substituted benzene ring and an alkene-like double bond. When hy- 
drogenation of this compound was carried out, the alkene-like double bond was hydrogenated 
cleanly. 

CH,CH, СН.СН, 
CD e des 
]-Ethylindene 1-Ethylindan (80%) 

(c)  Free-radical chlorination will lead to substitution of benzylic hydrogens. The starting material 

contains four benzylic hydrogens, all of which may eventually be replaced. 
excess Cl, 
T CH, “CG, light" T CCl, 
H Cl 
(65%) 
(d) Epoxidation of alkenes is stereospecific. 
о 
C,H H 
ды "A ions Сон; Н 
те. acetic acid ~ 2, 
H СН; H О CH; 
(E)-1,2-Diphenylethene trans-1,2-Diphenylepoxyethane 
(18-83%) 
(e) The reaction is one of acid-catalyzed alcohol dehydration. 
OH 
H,SO, 
Н.С acetic acid HC 


cis-A-Methyl-1-phenylcyclohexanol 


4-Methyl-1- 
phenylcyclohexene (81%) 


ARENES AND AROMATICITY 267 


(f) This reaction illustrates identical reactivity at two equivalent sites in a molecule. Both alcohol 
functions are tertiary and benzylic and undergo acid-catalyzed dehydration readily. 


HOC(CH,), CH,C=CH, 
KHSO, 
heat 
HOC(CH,), CH,C—CH, 
1,4-Di-(1-hydroxy-1-methylethyl) 1,4-Diisopropenylbenzene (68%) 
benzene 


(g) The compound shown is DDT (standing for the nonsystematic name dichlorodiphenyl- 
trichloroethane). It undergoes B-elimination to form an alkene. 


NaOCH, А \ = 
la Herca, CH,OH 7 с >» home. 


(100%) 


(h) Alkyl side chains on naphthalene undergo reactions analogous to those of alkyl groups on 


benzene. 
CH, CH,Br 
_N-Bromosuccinimide _ Bromosuccinimide 
CCl, heat heat 
1- Methylnaphthalene 1-(Bromomethyl) 
naphthalene (46%) 


(i) | Potassium carbonate is a weak base. Hydrolysis of the primary benzylic halide converts it to 


an alcohol. 
K,CO, 
NC CH,Cl но” МС CH,OH 


p-Cyanobenzyl chloride p-Cyanobenzyl alcohol (8596) 


11.33 Only benzylic (or allylic) hydrogens are replaced by N-bromosuccinimide. Among the four 
bromines in 3,4,5-tribromobenzyl bromide, three are substituents on the ring and are not capable of 
being introduced by benzylic bromination. The starting material must therefore have these three 
bromines already in place. 


Br Br 
ле N-Bromosuccinimide mm 
Br \ / CH, benzoyl peroxide б Вг \ y CH,Br 
Br Br 
3,4,5-Tribromotoluene 3,4,5- Tribromobenzyl bromide 
Compound A 


11.34  2,3,5- Trimethoxybenzoic acid has the structure shown. The three methoxy groups occupy the same 
positions in this oxidation product that they did in the unknown compound. The carboxylic acid 
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function must have arisen by oxidation of the —CH;,CH—C(CH,), side chain. Therefore 


CH,CH=C(CH,), CO,H 
OCH, OCH, 
Na,Cr,0, 
HO, H,SO,, heat 
CH,O OCH, CH,O OCH, 
(СН„О;) 2,3,5-Trimethoxybenzoic acid 


11.35 Hydroboration—oxidation leads to stereospecific syn addition of H and OH across a carbon-carbon 
double bond. The regiochemistry of addition is opposite to that predicted by Markovnikov’s rule. 
Hydroboration-oxidation of the E alkene gives alcohol A. 


OH Нк СН, 
An H S 
= 1-29 H7>CH + ОН 
2.Н,0,, НО" H An CH, 
H,C CH, $ 
An~R~CH, 
(E)-2-(p-Anisyl)-2-butene 25,30 26,35 


Ап = СН.О \ / 


Alcohol A is a racemic mixture of the 25,3А and 2R,3S enantiomers of 3-( p-anisyl)-2-butanol. 
Hydroboration-oxidation of the Z alkene gives alcohol B. 


OH Н.С-5_Н 
Ап СН, R 5 
Е вы 700 HCÓT-H | OH 
2. H,O,, НО" H Ап CH, 
H,C H $ 
An~R~CH, 
(Z)-2-(p-Anisyl)-2-butene (2R,3R) (25,35) 


Alcohol В is а racemic mixture of the 2R,3R and 25,35 enantiomers of 3-( p-anisyl)-2-butanol. 
Alcohols A and B are stereoisomers that are not enantiomers; they are diastereomers. 


11.36 Dehydrohalogenation of alkyl halides is stereospecific, requiring an anti arrangement between the 
hydrogen being lost and the leaving group in the transition state. (Z)-1,2-Diphenylpropene must 
therefore be formed from the diastereomer shown. 


Cl 
| СН, Н 
СНУ / “Н маосн,сн, 
————— 
C,H; $ CH, C,H; CH, 
(1S,2S)-1-Chloro-1,2- (Z)-1,2-Diphenylpropene 
diphenylpropane (90%) 


The mirror-image chloride, 1R,2R, will also give the Z alkene. In fact, the reaction was carried out 
on aracemic mixture of the 1R,2R and 15,25 stereoisomers. 
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The Е isomer is formed from either the 1R,2S or the 1S,2R chloride (or from a racemic mixture 


of the two). 
Cl 
| H- CH, 
H СН; маосн,сн, 
— 
Сен, -Сн, CH; CH, 
H 
(1R,25)-1-Chloro-1,2- (E)-1,2-Diphenylpropene 
diphenylpropane (87%) 


11.37 (a) The conversion of ethylbenzene to 1-phenylethyl bromide is a benzylic bromination. It can be 
achieved by using either bromine or N-bromosuccinimide (NBS). 


Bry, light 


CH,CH,CH, —{—>  C,H,CHCH, 
NBS, heat | 
Вг 
Ethylbenzene 1-Phenylethyl bromide 


(b) The conversion of 1-phenylethyl bromide to 1,2-dibromo-1-phenylethane 


СНОВ, CHC: 


Br Br 


cannot be achieved cleanly in a single step. We must reason backward from the target mole- 
cule, that is, determine how to make 1,2-dibromo-1-phenylethane in one step from any start- 
ing material. Vicinal dibromides are customarily prepared by addition of bromine to alkenes. 
This suggests that 1,2-dibromo-1-phenylethane can be prepared by the reaction 


C,H;CH=CH, + Br, GAL NORK 
Br 
Styrene 1,2-Dibromo-1- 
phenylethane 


The necessary alkene, styrene, is available by dehydrohalogenation of the given starting 
material, 1-phenylethyl bromide. 


NaOCH,CH, 
— 
сазснон, —сҥснон ” СеН:СН==СН, 
Вг 
1-Phenylethyl bromide Styrene 


Thus, by reasoning backward from the target molecule, the synthetic scheme becomes apparent. 


NaOCH,CH, Br, 
кы capa? Cai CH—CH, > CUPA 
Br Br 
1-Phenylethyl Styrene 1,2-Dibromo-1- 
bromide phenylethane 


(c) The conversion of styrene to phenylacetylene cannot be carried out in a single step. As 
was pointed out in Chapter 9, however, a standard sequence for converting terminal alkenes 
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to alkynes consists of bromine addition followed by a double dehydrohalogenation in strong 


base. 
Br, NaNH, 
C,H,CH=CH, с нен — ee UH 
Br 
Styrene 1,2-Dibromo-1- Phenylacetylene 
phenylethane 


(d) The conversion of phenylacetylene to butylbenzene requires both a carbon-carbon bond for- 
mation step and a hydrogenation step. The acetylene function is essential for carbon-carbon 
bond formation by alkylation. The correct sequence is therefore: 

NaNH, 


СЕВ c C,H;C=Cr Ма“ 


Phenylacetylene 


C,H;C=C: Na! + CH,CH,Br C,H;C=CCH,CH, 


H 
CsH,;C=CCH,CH, = C,H;CH,CH,CH,CH, 


Pt 


Butylbenzene 


(e) The transformation corresponds to alkylation of acetylene, and so the alcohol must first be 
converted to a species with a good leaving group such as its halide derivative. 


PBr 
C,H,CH,CH,OH —— —— С,Н;СН,СН,Вг 
2-Phenylethanol 2-Phenylethyl bromide 
C,H,CH,CH,Br + NaC=CH > C,H,CH,CH,C=CH 
2-Phenylethyl Sodium 4-Phenyl-1-butyne 
bromide acetylide 


(f) Thetarget compound is a bromohydrin. Bromohydrins are formed by addition of bromine and 
water to alkenes. 


KOC(CH;), Br, 
C;H;CH;CH,Br (CHj,coH" C,H;CH —CH, H,O НЕН 
OH 
2-Phenylethyl bromide Styrene 2-Bromo-1-phenylethanol 


11.38 The stability of free radicals is reflected in their ease of formation. Toluene, which forms a benzyl rad- 
ical, reacts with bromine 64,000 times faster than does ethane, which forms a primary alkyl radical. 
Ethylbenzene, which forms a secondary benzylic radical, reacts 1 million times faster than ethane. 


77 + Вг —— { )-ёнсн, + HBr 


Ethylbenzene Secondary benzylic 
(most reactive) radical 
( 2-05 + Br —— { уе + HBr 
Toluene Primary benzylic 
radical 


CH,CH, + Вг —— CH,CH, + HBr 


Ethane Primary 
(least reactive) radical 
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11.39 А good way to develop alternative resonance structures for carbocations is to move electron pairs 
toward sites of positive charge. 


"CH, CH, CH, CH, 
Ә CH, CH, CH, CH, 
o-Methylbenzyl cation Tertiary 
carbocation 
*CH, CH, CH, CH, 
5 
CH, CH, CH, CH, 


m-Methylbenzyl cation 


Only one of the Lewis structures shown is a tertiary carbocation. o-Methylbenzyl cation has tertiary 
carbocation character; m-methylbenzyl cation does not. 


11.40 The resonance structures for the cyclopentadienide anions formed by loss of a proton from 
1-methyl-1,3-cyclopentadiene and 5-methyl-1,3-cyclopentadiene are equivalent. 


ea 1-Methyl-1,3-cyclopentadiene 
CH, 
H CH, EST u 
H H 5-Methyl-1,3-cyclopentadiene H 
-H* -H* 


H H HH H H H H H H 
я> — 7—80 бу я> \ 
ни CH, H CH, H ССН, H CH, H CH, 
H H H H H 


11.44 Cyclooctatetraene is not aromatic. 1,2,3,4-Tetramethylcyclooctatetraene and 1,2,3,8-tetramethyl- 
cyclooctatetraene are constitutional isomers. 


CH, CH, 
CH, CH, 
CH, CH, 
CH, CH, 
1,2,3,4-Tetramethyl- 1,2,3,8- Tetramethyl- 
cyclooctatetraene cyclooctatetraene 


Leo A. Paquette at Ohio State University synthesized each of these compounds independently of the 
other and showed them to be stable enough to be stored separately without interconversion. 
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11.42 Cyclooctatetraene has eight т electrons and thus does not satisfy the (4n + 2) п electron require- 


11.43 


11.44 


ment 


of the Hückel rule. 
H H 
H H 
H H 
H H 
Cyclooctatetraene. 


Each double bond contributes 
2 п electrons to give a total of 8. 


All of the exercises in this problem involve counting the number of 7 electrons in the various species 
derived from cyclooctatetraene and determining whether they satisfy the (4n + 2) п electron rule. 


(a) 
(b) 
(c) 
(d) 


(a, b) 


(c) 


(d) 


(a) 


(b) 


Adding 1 п electron gives a species (C,H, ) with 9 п electrons. 4n + 2, where n is a whole 
number, can never equal 9. This species is therefore not aromatic. 

Adding 2 т electrons gives a species (С.Н; ) with 10 т electrons. 4n + 2 = 10 whenn = 2. 
The species C,H,” is aromatic. 

Removing 1 т electron gives a species (C;H^) with 7 т electrons. 4n + 2 cannot equal 7. 
The species C,H,” is not aromatic. 

Removing 2 т electrons gives a species (C,H,”*) with 6 т electrons. 4n + 2 = 6 whenn = 1. 
The species C,H,”* is aromatic. (It has the same number of т electrons as benzene.) 


Cyclononatetraene does not have a continuous conjugated system of п electrons. Conjuga- 
tion is incomplete because it is interrupted by a CH, group. Thus (a) adding one more 
т electron or (b) two more т electrons will not give an aromatic system. 


sp? carbon in ring 
Miror 


Removing a proton from the CH, group permits complete conjugation. The species pro- 
duced has 10 7 electrons and is aromatic, since 4n + 2 = 10 when n = 2. 


H нң? 2 п electrons for each double bond 
— Н + 
© н 2 п electrons for unshared pair 
= 10 7 electrons 


Removing a proton from one of the sp^-hybridized carbons of the ring does not produce 
complete conjugation; the CH, group remains present to interrupt cyclic conjugation. The 
anion formed is not aromatic. 


Cycloundecapentaene is not aromatic. Its 7 system is not conjugated; it is interrupted by an 
sp^-hybridized carbon. 


sp?-hybridized carbon; 
ee not a completely conjugated 
monocyclic 7 system 


Cycloundecapentaenyl radical is not aromatic. Its 7 system is completely conjugated and 
monocyclic but contains 11 7 electrons—a number not equal to (4n + 2) where n is an integer. 


There аге 11 electrons in the conjugated т system. 
The five double bonds contribute 10 7 electrons; 
the odd electron of the radical is the eleventh. 
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(c) | Cycloundecapentaenyl cation is aromatic. It includes a completely conjugated т system 
which contains 10 т electrons (10 equals Ап + 2 where n = 2). 


+ 


Empty p orbital is conjugated with 
10-electron 7 system. 


(d) Cycloundecapentadienide anion is not aromatic. It contains 12 7 electrons and thus does not 
satisfy the (4n + 2) rule. 


There are 12 7 electrons. The five 
double bonds contribute 10; 
the anionic carbon contributes 2. 


11.45 (a) The тоге stable dipolar resonance structure is A because it has an aromatic cyclopentadienide 
anion bonded to an aromatic cyclopropenyl cation. In structure B neither ring is aromatic. 


Six 7 electrons Four 7 electrons 
(aromatic) `~ © © d (not aromatic) 
Two т electrons Four 7 electrons 
(aromatic) (not aromatic) 
A B 


(b) Structure D can be stabilized by resonance involving the dipolar form. 


3 7 Six 7 electrons 


(aromatic) 
[у же | 
(7 ©) «—— Six л electrons 
(aromatic) 
D 


Comparable stabilization is not possible in structure C because neither a cyclopropenyl sys- 
tem nor a cycloheptatrienyl system is aromatic in its anionic form. Both are aromatic as 
cations. 


Eight 7 electrons —— —» 
(not aromatic) . 
— —— Six т electrons 
(aromatic) 
Two 7 electrons EN | Four 7 electrons 
(aromatic) A LN (not aromatic) 
C 


11.46 (a) This molecule, called oxepin, is not aromatic. The three double bonds each contribute 2 7 
electrons, and an oxygen atom contributes 2 7r electrons to the conjugated system, giving a 
total of 8 7 electrons. Only one of the two unshared pairs on oxygen can contribute to the т 
system; the other unshared pair is in an sp^-hybridized orbital and cannot interact with it. 


„~ p orbital aligned for overlap 


ENG with 7 system of ring 
| s = sp?-hybridized orbital 
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(b) This compound, called azonine, has 10 electrons in a completely conjugated planar mono- 
cyclic 7r system and therefore satisfies Hückel's rule for (4n + 2) т electrons where п = 2. 
There are 8 7 electrons from the conjugated tetraene and 2 electrons contributed by the nitro- 
gen unshared pair. 


Two т electrons ^ у C Two 7 electrons . | 
= Ее Unshared pair on nitrogen 
:NH is delocalized into 7 system 


SOS of ring. 
Two т electrons ©) К Two 7 electrons 


(c) Borazole, sometimes called inorganic benzene, is aromatic. Six т electrons are contributed 
by the unshared pairs of the three nitrogen atoms. Each boron contributes a p orbital to main- 
tain the conjugated system but no electrons. 


(d) This compound has 8 7 electrons and is not aromatic. 


Two 7 electrons 
Two 7 electrons N | а Two т electrons 


Electrons in sp? orbital —>(: О OC 2) «— Electrons in sp? orbital 
do not interact with the (М1) do not interact with the 


т system. | т system. 


Two 7 electrons 


The structure and numbering system for pyridine are given in Section 11.21, where we are also told 
that pyridine is aromatic. Oxidation of 3-methylpyridine is analogous to oxidation of toluene. The 
methyl side chain is oxidized to a carboxylic acid. 


| 
CH COH 
г 3 - A 
| oxidation | 
SN SN 
3-Methylpyridine Niacin 


The structure and numbering system for quinoline are given in Section 11.21. Nitroxoline has the 
structural formula: 


NO, 
5 4 
6 “з 
7 222 
у 1 
ОН 


5-Nitro-8-hydroxyquinoline 


We аге told that the ring system of acridine (C;4H4N) is analogous to that of anthracene (1.е., tricyclic 
and linearly fused). Furthermore, the two most stable resonance forms are equivalent to each other. 


SELF-TEST 


11.50 
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The nitrogen atom must therefore be in the central ring, and the structure of acridine is 


x 2 
= | 
N^ SN 
The two resonance forms would not be equivalent if the nitrogen were present in one of the termi- 
nal rings. Can you see why? 


Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man- 
ual. You should use Learning By Modeling for these exercises. 


PART A 
A-1. Give an acceptable IUPAC name for each of the following: 
О 
СН, || 
CCH, 
(a) © СТ 
Br Cl 
OH 
Тв NO, 
(b) M ПЕН (d) 
Cl 
NO, 
A-2. Draw the structure of each of the following: 
(a) 3,5-Dichlorobenzoic acid (c) 2,4-Dimethylaniline 
(b)  p-Nitroanisole (d) m-Bromobenzyl chloride 


A-3. Write a positive (+) or negative (—) charge at the appropriate position so that each of the fol- 
lowing structures contains the proper number of 7 electrons to permit it to be considered an 
aromatic ion. For purposes of this problem ignore strain effects that might destabilize the 
molecule. 


со фә 


А-4. For each of the following, determine how many 7 electrons are counted toward satisfying 
Hückel's rule. Assuming the molecule can adopt a planar conformation, is it aromatic? 


E N: Z N 
= ЈЕ 
(а) " ) ОША (c) Zw EN 
О i ww A 


A-5.  Azulene, shown in the following structure, is highly polar. Draw a dipolar resonance struc- 


ture to explain this fact. 


Azulene 
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А-8. 


А-9. 


А-10. 
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Give the reactant, reagent, or product omitted from each of the following: 


CH,CH,CH, СОН 


NBS ? 
9 ? 
(a) CX peroxides, heat ` (4) 


С1 С1 


H,O Br, 
(c) 46. = (f) C,HCH—CHCH, — > 


Provide two methods for the synthesis of 1-bromo-1-phenylpropane from an aromatic 
hydrocarbon. 


Write the structures of the resonance forms that contribute to the stabilization of the inter- 
mediate in the reaction of styrene (C;H;CH—=CH,) with hydrogen bromide in the absence 
of peroxides. 
Write one or more resonance structures that represent the delocalization of the following 
carbocation. 


Uu 


An unknown compound, C,,H,, reacts with sodium dichromate (Na,Cr,O,) in warm aque- 
ous sulfuric acid to give p-tert-butylbenzoic acid. What is the structure of the unknown? 


PART B 


B-1. 


B-2. 


The number of possible dichloronitrobenzene isomers is 
(а) 3 (c) 6 
(b) 4 (d) 8 


Which of the following statements is correct concerning the class of reactions to be expected 
for benzene and cyclooctatetraene? 

(a) Both substances undergo addition reactions. 

(b) Both substances undergo substitution reactions. 

(c) Benzene undergoes substitution; cyclooctatetraene undergoes addition. 

(d) Benzene undergoes addition; cyclooctatetraene undergoes substitution. 


Which, if any, of the following structures represents an aromatic species? 


(a) (b) 5 (с) Q (d) None of these is aromatic. 


H H H 


Which of the following compounds has a double bond that is conjugated with the 7r system 
of the benzene ring? 
(a) p-Benzyltoluene (c) 3-Phenylcyclohexene 


(b)  2-Phenyl-1-decene (d) 3-Phenyl-1,4-pentadiene 
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B-5. 


B-6. 


B-9. 


B-10. 


Rank the following compounds in order of increasing rate of solvolysis (S41) in aqueous 
acetone (slowest — fastest): 


it ic 
(CH,),CHCH,CH,Br (CH,),CHCHCH, C,H;CHCH(CH,), 


1 2 3 
(a) 1<2<3 (b) 2<1<3 (c) 3<2<1 (d 1<3<2 
When comparing the hydrogenation of benzene with that of a hypothetical 1,3,5-cyclohexa- 
triene, benzene than the cyclohexatriene. 


(a) Absorbs 152 kJ/mol (36 kcal/mol) more heat 
(b) Absorbs 152 kJ/mol (36 kcal/mol) less heat 
(c) Gives off 152 kJ/mol (36 kcal/mol) more heat 
(d) Gives off 152 kJ/mol (36 kcal/mol) less heat 


The reaction 
Br 
— 


gives as the major elimination product 


(a) (b) qe (c) Equal amounts of (a) and (5) 


(d) Neither (a) nor (5) 


Which one of the following is best classified as a heterocyclic aromatic compound? 


(а) | :N—H (с) ( X (e) ( у-н, 
ДА NN: 

(b) N: (d) | 
NP 2 


Which of the following has the smallest heat of combustion? 


» O~ oO 


(e) The compounds are all isomers; the heats 
of combustion would be the same. 


Which one of the following alcohols undergoes dehydration at the fastest rate on being 
heated with sulfuric acid? (The potential for rearrangement does not affect the rate.) 


(a) { у—свснснснон (с) (J - сњенсњен, 
OH 
(b) C )ењонснсн, (d) C )-CHCH.CH.CH, 


OH OH 
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B-13. 


B-14. 
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Ethylbenzene is treated with the reagents listed, in the order shown. 
1. NBS, peroxides, heat 


2. CH,CH,O- 
з. ВН, 
4. H,O, HOT 


The structure of the final product is: 


OH 


| 
(a) СНСЊСЊОН (d) C,H,CHCH,OH 


Вг OH 


| | 
(b  C4H,CHCH,OH (е) C,H,CHCH,Br 


OH 


| 
(c) C,H;CHCH, 


. Which of the following hydrogens is most easily abstracted (removed) on reaction with 


bromine atoms, Br-? 


(a) (b) © (d) 


All the hydrocarbons shown are very weak acids. One, however, is far more acidic than the 
others. Which one is the strongest acid? 


(a) (b) (c) (d) (e) 


The compound shown is planar, and all the carbon-carbon bond lengths are the same. What 
Gf anything) can you deduce about the bonding of boron from these observations? 


M 
( ес 


(a) The boron is sp^-hybridized, and the p orbital contains an unshared pair of electrons. 
(b) The boron is sp*-hybridized, and a hybrid orbital contains an unshared pair of electrons. 
(c) Тһе boron is sp*-hybridized, and a hybrid orbital is vacant. 

(d) The boron is sp*-hybridized, and the p orbital is vacant. 

(e) Nothing about the bonding of boron can be deduced from these observations. 


evan 


. How many benzylic hydrogens are present in the hydrocarbon shown? 


(а) 3 (p 4 (с) 5 (d) 6 (e) 8 


CHAPTER 12 


REACTIONS OF ARENES: 
ELECTROPHILIC AROMATIC SUBSTITUTION 


SOLUTIONS TO TEXT PROBLEMS 


12.1 The three most stable resonance structures for cyclohexadienyl cation are 


The positive charge is shared equally by the three carbons indicated. Thus the two carbons ortho to 
the sp?-hybridized carbon and the one para to it each bear one third of a positive charge (+0.33). 
None of the other carbons is charged. The resonance picture and the simple MO treatment agree 
with respect to the distribution of charge in cyclohexadienyl cation. 


12.2 Electrophilic aromatic substitution leads to replacement of one of the hydrogens directly attached to 
the ring by the electrophile. All four of the ring hydrogens of p-xylene are equivalent; so it does not 
matter which one is replaced by the nitro group. 


CH, CH, 
NO, 
HNO, 
H,SO, 
CH, CH, 
p-Xylene 1,4-Dimethyl-2- 
nitrobenzene 
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12.3 The aromatic ring of 1,2,4,5-tetramethylbenzene has two equivalent hydrogen substituents. Sul- 
fonation of the ring leads to replacement of one of them by —SO,H. 
ЗОН 
H,C CH, H,C CH, 
H,SO, 
H,C CH, Н.С СН, 
1,2,4,5-Tetramethylbenzene 2,3,5,6-Tetramethylbenzene- 


sulfonic acid 


12.4 The major product is isopropylbenzene. 


n" CH,CH,CH, CH(CH,), 
+ CH,CH,CH,Cl - E 


Benzene 1-Chloropropane Propylbenzene Isopropylbenzene 
(20% yield) (40% yield) 


Aluminum chloride coordinates with 1-chloropropane to give a Lewis acid/Lewis base complex, 
which can be attacked by benzene to yield propylbenzene or can undergo an intramolecular hydride 
shift to produce isopropyl cation. Isopropylbenzene arises by reaction of isopropyl cation with 


benzene. 
t 
meg" - hydride + 
CH,—CH—CH ЕО AICI, аршы” CH,—CH—CH, + АІСІ, 


Isopropyl cation 


12.5 The species that attacks the benzene ring is cyclohexyl cation, formed by protonation of 
cyclohexene. 


Сб 


H  H+G6—SO,0OH Бе 
putre. ере а ы 
H H 


Cyclohexene Sulfuric acid Cyclohexyl cation Hydrogen sulfate ion 


The mechanism for the reaction of cyclohexyl cation with benzene is analogous to the general mech- 
anism for electrophilic aromatic substitution. 


otto — db? = ot 


Benzene Cyclohexyl Cyclohexadienyl cation Cyclohexylbenzene 
cation intermediate 


12.6 The preparation of cyclohexylbenzene from cyclohexene and benzene was described in text Sec- 
tion 12.6. Cyclohexylbenzene is converted to 1-phenylcyclohexene by benzylic bromination, fol- 
lowed by dehydrohalogenation. 


Br 
дь H,SO, N-Bromosuccinimide (NBS), S NaOCH,CH, 
———— ————— 
benzoyl peroxide, heat 


Benzene Cyclohexene Cyclohexylbenzene 1-Bromo-1- 1-Phenylcyclohexene 
phenylcyclohexane 
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12.7 Treatment of 1,3,5-trimethoxybenzene with an acyl chloride and aluminum chloride brings about 
Friedel-Crafts acylation at one of the three equivalent positions available on the ring. 


OCH, 5 70 
|| AICI, || 
CH,O + — (CHj,CHCH,CC| ———— сњо CCH,CH(CH,), 
OCH, OCH, 
1,3,5- Trimethoxybenzene 3-Methylbutanoyl chloride Isobutyl 1,3,5-trimethoxyphenyl ketone 


12.8 Because the anhydride is cyclic, its structural units are not incorporated into a ketone and a car- 
boxylic acid as two separate product molecules. Rather, they become part of a four-carbon unit 
attached to benzene by a ketone carbonyl. The acyl substituent terminates in a carboxylic acid func- 
tional group. 


О 
О О 
AICI, | | 
+ о — >~ CCH,CH,COH 
О 
Benzene Succinic 4-Oxo-4-phenylbutanoic acid 
anhydride 


12.9 (b) A Friedel-Crafts alkylation of benzene using 1-chloro-2,2-dimethylpropane would not be a 
satisfactory method to prepare neopentylbenzene because of the likelihood of a carbocation 
rearrangement. The best way to prepare this compound is by Friedel-Crafts acylation fol- 
lowed by Clemmensen reduction. 


О О 
| AICI, | Zn(Hg), HCl 
(CHj,CCC] + — (CH,),CC —_ (CHjCCH, 
2,2-Dimethylpropanoyl Benzene 2,2-Dimethyl-1- Neopentylbenzene 
chloride phenyl-1-propanone 


12.10 (b) Partial rate factors for nitration of toluene and fert-butylbenzene, relative to a single position 
of benzene, are as shown: 


CH, С(СН,)» 
42 42 45 4.5 
2.5 2.5 3 3 

58 75 


The sum of these partial rate factors is 147 for toluene, 90 for tert-butylbenzene. Toluene is 
147/90, or 1.7, times more reactive than tert-butylbenzene. 
(c) The product distribution for nitration of tert-butylbenzene is determined from the partial rate 


factors. 
2(4.5) 
Ortho: = = 10% 
ТПО 90 € 
2(3) 
Meta: —— = 6.7% 
eta 90 © 
75 
Рага: — = 83.3% 


90 
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12.11 The compounds shown all undergo electrophilic aromatic substitution more slowly than benzene. 
Therefore, —CH,Cl, —СНСЬ, апа СС are deactivating substituents. 


Benzyl chloride (Dichloromethyl)benzene (Trichloromethyl)benzene 


The electron-withdrawing power of these substituents, and their tendency to direct incoming elec- 
trophiles meta to themselves, will increase with the number of chlorines each contains. Thus, the 
substituent that gives 4% meta nitration (96% ortho + para) contains the fewest chlorine atoms 
(—СН,СІ), and the one that gives 64% meta nitration contains the most (—CCL,). 


—CH,Cl —СНС1, —СС1, 
Deactivating, ortho, Deactivating, ortho, Deactivating, 
para-directing para-directing meta-directing 


12.12 (b) Attack by bromine at the position meta to the amino group gives a cyclohexadienyl cation in- 
termediate in which delocalization of the nitrogen lone pair cannot participate in dispersal of 
the positive charge. 


:NH, :NH, :NH, 
CL, Зи on 
H H H 


(c) Attack at the position para to the amino group yields a cyclohexadienyl cation intermediate 
that is stabilized by delocalization of the electron pair of the amino group. 


H, an H, ZNB, IN 
r H Br H 


Br H B 


H, 


Br 


12.13  Electrophilic aromatic substitution in biphenyl is best understood by considering one ring as the 
functional group and the other as a substituent. An aryl substituent is ortho, para-directing. Nitration 
of biphenyl gives a mixture of o-nitrobiphenyl and p-nitrobiphenyl. 


HNO, 
H,S0, T NO, 
O,N 


Biphenyl o-Nitrobiphenyl p-Nitrobiphenyl 
(3796) (6396) 


12.14 (b) The carbonyl group attached directly to the ring is a signal that the substituent is a meta- 
directing group. Nitration of methyl benzoate yields methyl m-nitrobenzoate. 


O О 
босн а Сосн 
3 H,SO, 3 
О.М 
Methyl benzoate Methyl m-nitrobenzoate 


(isolated in 81-85% yield) 
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(c) The acyl group in 1-phenyl-1-propanone is meta-directing; the carbonyl is attached directly to 
the ring. The product is 1-(m-nitrophenyl)-1-propanone. 


| 1 
( бенен, —— CCH,CH, 
ОМ 
1-Phenyl-1-propanone 1-(m-Nitrophenyl)-1-propanone 


(isolated in 60% yield) 


12.15 Writing the structures out in more detail reveals that the substituent —N(CH,), lacks the unshared 
electron pair of —N(CH,), . 


m CH О 
+ | У +2 
—N—CH, К, —N 
| CH, No- 
CH, 


This unshared pair is responsible for the powerful activating effect of an —N(CH,), group. On the 


other hand, the nitrogen in —N (CH), is positively charged and in that respect resembles the nitro- 
gen of a nitro group. We expect the substituent —N(CH,), to be deactivating and meta-directing. 


12.16 The reaction is a Friedel-Crafts alkylation in which 4-chlorobenzyl chloride serves as the carboca- 
tion source and chlorobenzene is the aromatic substrate. Alkylation occurs at the positions ortho and 
para to the chlorine substituent of chlorobenzene. 


Cl 
con S-a 
AIC, 
aX ) - сс, )-а ———. - ax )-сњ-( ја 


Chlorobenzene 4-Chlorobenzyl chloride 1-Chloro-2-(4'-chlorobenzyl)- ]-Chloro-4-(4'-chlorobenzyl)- 
benzene benzene 


12.17 (b) Halogen substituents are ortho, para-directing, and the disposition in m-dichlorobenzene is 
such that their effects reinforce each other. The major product is 2,4-dichloro-1-nitrobenzene. 
Substitution at the position between the two chlorines is slow because it is a sterically hin- 


dered position. 
CI Cl 
ре! 
СІ СІ 
| NO, 


Most reactive positions in 2,4-Dichloro-1-nitrobenzene 
electrophilic aromatic substitution (major product of nitration) 
of m-dichlorobenzene 


(c) Nitro groups are meta-directing. Both nitro groups of m-dinitrobenzene direct an incoming 
substituent to the same position in an electrophilic aromatic substitution reaction. Nitration of 
m-nitrobenzene yields 1,3,5-trinitrobenzene. 


NO, NO, 
we NO, ON NO, 
Both nitro groups of 1,3,5- Trinitrobenzene 
m-dinitrobenzene direct (principal product of nitration 


electrophile to same position. of m-dinitrobenzene) 
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(d) А methoxy group is ortho, para-directing, and a carbonyl group is meta-directing. The open 
positions of the ring that are activated by the methoxy group in p-methoxyacetophenone are 
also those that are meta to the carbonyl, so the directing effects of the two substituents reinforce 
each other. Nitration of p-methoxyacetophenone yields 4-methoxy-3-nitroacetophenone. 


О / o NO, 


|| || 
снс—( осн, CH,C OCH, 


Positions ortho to the methoxy 4-Methoxy-3-nitroacetophenone 
group are meta to the carbonyl. 


(e) The methoxy group of p-methylanisole activates the positions that are ortho to it; the methyl 
activates those ortho to itself. Methoxy is a more powerful activating substituent than methyl, 
so nitration occurs ortho to the methoxy group. 


\ И n 


6 
4 1 
сњ Loch, CH, OCH, 
f N 
Methyl activates C-3 and C-5; 4-Methyl-2-nitroanisole 


methoxy activates C-2 and C-6. (principal product of nitration) 


(f) Allthe substituents in 2,6-dibromoanisole are ortho, para-directing, and their effects are felt at 
different positions. The methoxy group, however, is a far more powerful activating substituent 
than bromine, so it controls the regioselectivity of nitration. 


OCH, OCH, 
Вг. 6 | Вг Br. Br 
2 
5 
ae y BN 
| NO, 
Methoxy directs toward C-4; 2,6-Dibromo-4-nitroanisole 
bromines direct toward C-3 and C-5. (principal product of nitration) 


12.18 The product that is obtained when benzene is subjected to bromination and nitration depends on the 
order in which the reactions are carried out. A nitro group is meta-directing, and so if it is introduced 
prior to the bromination step, m-bromonitrobenzene is obtained. 


NO, NO, 
HNO, Br, 
H,SO, FeBr, 
Br 
Benzene Nitrobenzene m-Bromonitrobenzene 


Bromine is an ortho, para-directing group. If it is introduced first, nitration of the resulting 
bromobenzene yields a mixture of o-bromonitrobenzene and p-bromonitrobenzene. 


Br Br Br 
NO, 
Вг, HNO, 
Q FeBr, H,SO, + 
NO, 


Benzene Bromobenzene o-Bromonitrobenzene p-Bromonitrobenzene 


12.19 


12.20 


12.21 


12.22 
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A straightforward approach to the synthesis of m-nitrobenzoic acid involves preparation of ben- 
zoic acid by oxidation of toluene, followed by nitration. The carboxyl group of benzoic acid is 
meta-directing. Nitration of toluene prior to oxidation would lead to a mixture of ortho and para 
products. 


CH, CO.H CO.H 
Na,Cr,O, HNO, 
H,O, H,SO,, heat H,SO, 
NO, 
Toluene Benzoic acid m-Nitrobenzoic acid 


The text points out that C-1 of naphthalene is more reactive than C-2 toward electrophilic aromatic 
substitution. Thus, of the two possible products of sulfonation, naphthalene-1-sulfonic acid should 
be formed faster and should be the major product under conditions of kinetic control. Since the 
problem states that the product under conditions of thermodynamic control is the other isomer, 
naphthalene-2-sulfonic acid is the major product at elevated temperature. 


H H SOH H 
1 
2 ЗОН 
a 
Naphthalene Naphthalene-1-sulfonic acid Naphthalene-2-sulfonic acid 
major product at 0°C; major product at 160°C; 
formed faster more stable 


Naphthalene-2-sulfonic acid is the more stable isomer for steric reasons. The hydrogen at C-8 (the 
one shown in the equation) crowds the —SO,H group in naphthalene-1-sulfonic acid. 


The text states that electrophilic aromatic substitution in furan, thiophene, and pyrrole occurs at 
C-2. The sulfonation of thiophene gives thiophene-2-sulfonic acid. 


S 


Thiophene Thiophene-2- 
sulfonic acid 


(a)  Nitration of benzene is the archetypical electrophilic aromatic substitution reaction. 


NO, 
HNO, 
— > 
H,SO, 
Benzene Nitrobenzene 


(b)  Nitrobenzene is much less reactive than benzene toward electrophilic aromatic substitution. 
The nitro group on the ring is a meta director. 


NO NO 
5 HNO, ^ 
H550, 
NO, 


Nitrobenzene m-Dinitrobenzene 
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(c) Toluene is more reactive than benzene in electrophilic aromatic substitution. A methyl sub- 
stituent is an ortho, para director. 


CH, CH, CH, 
Br 
Br, 
FeBr, + 
Br 
Toluene o-Bromotoluene p-Bromotoluene 


(d)  Trifluoromethyl is deactivating and meta-directing. 


CF, CF, 
Br, 
FeBr, 
Br 
(Trifluoromethyl)- m-Bromo(trifluoromethyl)- 
benzene benzene 


(e)  Anisole is ortho, para-directing, strongly activated toward electrophilic aromatic substitution, 
and readily sulfonated in sulfuric acid. 


OCH, OCH, OCH, 
SO,H 
H,SO, 
Е 
SO,H 
Anisole o-Methoxybenzene- p-Methoxybenzene- 
sulfonic acid sulfonic acid 


Sulfur trioxide could be added to the sulfuric acid to facilitate reaction. The para isomer is the 
predominant product. 
(f) Acetanilide is quite similar to anisole in its behavior toward electrophilic aromatic substitution. 


| | | 
HNCCH, HNCCH, HNCCH, 
i О.Н 
H,SO, 
poe + 
О.Н 

Acetanilide o-Acetamidobenzene- p-Acetamidobenzene- 

sulfonic acid sulfonic acid 


(e)  Вготобепгепе is less reactive than benzene. A bromine substituent is ortho, para-directing. 


Br Br Br 
Cl 
Cl, 
FeCl, + 
Cl 


Bromobenzene o-Bromochloro- p-Bromochloro- 
benzene benzene 
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(h)  Anisole is a reactive substrate toward Friedel-Crafts alkylation and yields a mixture of o- and 
p-benzylated products when treated with benzyl chloride and aluminum chloride. 


СН,СІ CH, 
F | у ‘CHC, Н, Та 
OA 
CH,C,H, 
Anisole Benzyl chloride o-Benzylanisole p-Benzylanisole 


(i) | Benzene will undergo acylation with benzoyl chloride and aluminum chloride. 


| 
са 
О 
AICI, | 
+ С 
Benzene Benzoyl Benzophenone 
chloride 


(j) A benzoyl substituent is meta-directing and deactivating. 


O 
| hs | 
Н, ^ но, ^ C 

NO, 


Benzophenone m-Nitrobenzophenone 


(k) Clemmensen reduction conditions involve treating a ketone with zinc amalgam and concen- 
trated hydrochloric acid. 


| Аан) | 


Benzophenone Diphenylmethane 


(J) | Wolff-Kishner reduction utilizes hydrazine, a base, and a high-boiling alcohol solvent to 
reduce ketone functions to methylene groups. 


OL} = О-о 
dii ae. glycol 


Benzophenone Diphenylmethane 


12.23 (а) There are three principal resonance forms of the cyclohexadienyl cation intermediate formed 
by attack of bromine on p-xylene. 


CH, CH, CH, 
H "H H 
p p" Cf 
CH, CH, CH, 
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Any one of these resonance forms is a satisfactory answer to the question. Because of its ter- 
tiary carbocation character, this carbocation is more stable than the corresponding intermedi- 
ate formed from benzene. 

(b) Chlorination of m-xylene will give predominantly 4-chloro-1,3-dimethylbenzene. 


CH, CH, CH, 
cl, 
————— via 
CH, CH, CH, 
Cl H Cl 
m-Xylene 4-Chloro-1,3- More stable 
dimethylbenzene cyclohexadienyl cation 


The intermediate shown (or any of its resonance forms) is more stable for steric reasons than 


CH, 


Less stable 
cyclohexadienyl cation 


The cyclohexadienyl cation intermediate leading to 4-chloro-1,3-dimethylbenzene is more 
stable and is formed faster than the intermediate leading to chlorobenzene because of its ter- 
tiary carbocation character. 


CH, 


more stable than 
CH, H 
H CI H CI 


(c) The most stable carbocation intermediate formed during nitration of acetophenone is the one 
corresponding to meta attack. 


ом 


more stable than or 


Ne H No, 


An acyl group is electron-withdrawing and destabilizes a carbocation to which it is attached. 
The most stable carbocation intermediate in the nitration of acetophenone is less stable and 
is formed more slowly than is the corresponding carbocation formed during nitration of 
benzene. 


less stable than 


NO, NO, 
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(d) The methoxy group in anisole is strongly activating and ortho, para-directing. For steric rea- 


sons and because of inductive electron withdrawal by oxygen, the intermediate leading to para 
substitution is the most stable. 


OCH, OCH, OCH, 
H 
slightly more stable than то» more stable than - 
О 
H oe [8 
Ó О 


Of the various resonance forms for the most stable intermediate, the most stable one has eight 
electrons around each oxygen and carbon atom. 


*OCH, 
H бсн, 
О 


Most stable 
resonance form 


This intermediate is much more stable than the corresponding intermediate from acylation of 
benzene. 


(e) Ап isopropyl group is an activating substituent and is ortho, para-directing. Attack at the ortho 
position is sterically hindered. The most stable intermediate is 


CH(CH,), 


H NO, 


or any of its resonance forms. Because of its tertiary carbocation character, this cation is more 
stable than the corresponding cyclohexadienyl cation intermediate from benzene. 

(f) Anitro substituent is deactivating and meta-directing. The most stable cyclohexadienyl cation 
formed in the bromination of nitrobenzene is 


О. О 


+ 
М 


a 
H 
Br 
This ion is less stable than the cyclohexadienyl cation formed during bromination of benzene. 


(g)  Sulfonation of furan takes place at C-2. The cationic intermediate is more stable than the cyclo- 
hexadienyl cation formed from benzene because it is stabilized by electron release from oxygen. 


[3 _ FSO, Ger via es C cn 


Furan Furan-2- 
sulfonic acid 
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(h) Pyridine reacts with electrophiles at C-3. It is less reactive than benzene, and the carbocation 
intermediate is less stable than the corresponding intermediate formed from benzene. 


12.24 (a) Toluene is more reactive than chlorobenzene in electrophilic aromatic substitution reac- 
tions because a methyl substituent is activating but a halogen substituent is deactivating. 
Both are ortho, para-directing, however. Nitration of toluene is faster than nitration of 


chlorobenzene. 
CH, CH, 
NO, 
_ нм, › 1а 
Faster: —Hso, 7 
NO, 
Toluene o-Nitrotoluene p-Nitrotoluene 
Cl Cl 
NO, 
Slower: 228092. + 
owe —Hs0, * 
NO, 
Chlorobenzene o-Chloronitrobenzene p-Chloronitrobenzene 


(b) А fluorine substituent is not nearly as strongly deactivating as a trifluoromethyl group. The 
reaction that takes place is Friedel-Crafts alkylation of fluorobenzene. 


F F 
CH,C,H 
_CoHsCHCl > quere 
т AES 7 T 


СН,С,Н 
o-Benzylfluorobenzene p-Benzylfluorobenzene 
(15%) (85%) 


Strongly deactivated aromatic compounds do not undergo Friedel-Crafts reactions. 
CF, 


AICI, 
+ CH,CH,CI 


no reaction 


(c) A carbonyl group directly bonded to a benzene ring strongly deactivates it toward elec- 
trophilic aromatic substitution. Methyl benzoate is much less reactive than benzene. 


O O 
ID |. 


ој“ ar 
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An oxygen substituent directly attached to the ring strongly activates it toward electrophilic 
aromatic substitution. Phenyl acetate is much more reactive than benzene or methyl benzoate. 


| 
:OCCH, ecu: @ 
acetic saan” RC Ф 
Phenyl acetate o-Bromophenyl p-Bromophenyl 
acetate acetate 


Bromination of methyl benzoate requires more vigorous conditions; catalysis by iron(IIT) bro- 
mide is required for bromination of deactivated aromatic rings. 

(d)  Acetanilide is strongly activated toward electrophilic aromatic substitution and reacts faster 
than nitrobenzene, which is strongly deactivated. 


‚|| О „О 
HNCCH, N 
Acetanilide Nitrobenzene 
(Lone pair on nitrogen can (Nitrogen is positively charged 
stabilize cyclohexadienyl and is electron-withdrawing.) 
cation intermediate.) 
| 
HNCCH, Hoch: аса 
H sa 
SO,H 
Acetanilide 0-Acetamidobenzene- p-Acetamidobenzene- 
sulfonic acid sulfonic acid 
(e) Both substrates are of the type 
R 
R = alkyl 
R 


and are activated toward Friedel-Crafts acylation. Since electronic effects are comparable, we 
look to differences in steric factors and conclude that reaction will be faster for R = CH, than 
for В = (СНС 


CH, CH, | 


|| AICI ~ 
+ сњса  ——— CH; 


CH, CH, 


p-Xylene Acetyl chloride 2,5-Dimethylacetophenone 
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(f) A phenyl substituent is activating and ortho, para-directing. Biphenyl will undergo chlorina- 
tion readily. 


CL 
5 0 CH, + Cl CH; 
CI 


Biphenyl o-Chlorobiphenyl p-Chlorobiphenyl 


Each benzene ring of benzophenone is deactivated by the carbonyl group. 


О од 
р | 
С -— C 
X 
Benzophenone 


Benzophenone is much less reactive than biphenyl in electrophilic aromatic substitution 
reactions. 


12.25  Reactivity toward electrophilic aromatic substitution increases with increasing number of electron- 
releasing substituents. Benzene, with no methyl substituents, is the least reactive, followed by 
toluene, with one methyl group. 1,3,5- Trimethylbenzene, with three methyl substituents, is the most 
reactive. 


CH, CH, 


i Н.С CH, 


Benzene Toluene 1,3,5-Trimethylbenzene 
Relative 
reactivity: 1 60 2х 107 


o-Xylene and m-xylene are intermediate in reactivity between toluene and 1,3,5-trimethylben- 
zene. Of the two, m-xylene is more reactive than o-xylene because the activating effects of the two 
methyl groups reinforce each other. 


o-Xylene 
(all positions 
somewhat activated) 


Relative 
reactivity: 5 X 10? 


m-Xylene 
(activating effects 
reinforce each other) 


5х 104 


12.26 (a)  Chlorine is ortho, para-directing, carboxyl is meta-directing. The positions that are ortho 
to the chlorine are meta to the carboxyl, so that both substituents direct an incoming 
electrophile to the same position. Introduction of the second nitro group at the remaining 
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position that is ortho to the chlorine puts it meta to the carboxyl and meta to the first nitro 


group. 
Cl Cl Cl 
NO, ON NO, 
HNO, HNO, 
— — -s 
H,SO,, heat H,SO,, heat 
CO.H CO,H CO.H 
p-Chlorobenzoic 4-Chloro-3,5- 
acid dinitrobenzoic acid (9096) 


(b) An amino group is one of the strongest activating substituents. The para and both ortho posi- 
tions are readily substituted in aniline. When aniline is treated with excess bromine, 2,4,6- 
tribromoaniline is formed in quantitative yield. 

NH, NH, 
Br. Br 


Br 


Aniline 2,4,6-Tribromoaniline 
(100%) 


(c) The positions ortho and para to the amino group in o-aminoacetophenone are the ones most 
activated toward electrophilic aromatic substitution. 


Br 
|| Br, | 
CH,C CH,C 
HN HN Br 
o-Aminoacetophenone 2-Amino-3,5- 


dibromoacetophenone (65%) 


(d) The carboxyl group in benzoic acid is meta-directing, and so nitration gives m-nitrobenzoic 
acid. The second nitration step introduces a nitro group meta to both the carboxyl group and 
the first nitro group. 


CO,H CO,H Сон 
HNO, HNO, 
с юы ч. сн нед ыы: 
H,SO, H,SO, 
NO, ОМ NO, 
Benzoic acid m-Nitrobenzoic acid 3,5-Dinitrobenzoic 


acid (54-58%) 


(e) Both bromine substituents are introduced ortho to the strongly activating hydroxyl group in 
p-nitrophenol. 


OH OH 
Br Br 
Br, 
> 
NO, NO, 
p-Nitrophenol 2,6-Dibromo-4- 


nitrophenol (96-98%) 
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(f) Friedel-Crafts alkylation occurs when biphenyl is treated with tert-butyl chloride and iron 
(II) chloride (a Lewis acid catalyst); the product of monosubstitution is p-tert-butylbiphenyl. 
All the positions of the ring that bears the tert-butyl group are sterically hindered, so the sec- 
ond alkylation step introduces a tert-butyl group at the para position of the second ring. 


C(CH,), C(CH,), 
ai 
(CHCC | _‘снузса | Део] D d 
CORO ^ CORO ^ 
C(CH,); 
Biphenyl 4,4' -Di-tert- 
butylbiphenyl (7096) 


(e)  Disulfonation of phenol occurs at positions ortho and para to the hydroxyl group. The ortho, 
para product predominates over the ortho, ortho one. 


OH OH 
О.Н 
H,SO, : 
ЅО,Н 
Phenol 2-Hydroxy-1,5- 


benzenedisulfonic acid 


12.27 When carrying out each of the following syntheses, evaluate how the structure of the product differs 
from that of benzene or toluene; that is, determine which groups have been substituted on the ben- 
zene ring or altered in some way. The sequence of reaction steps when multiple substitution is de- 
sired is important; recall that some groups direct ortho, para and others meta. 


(a) Isopropylbenzene may be prepared by a Friedel-Crafts alkylation of benzene with isopropyl 
chloride (or bromide, or iodide). 


AICI, 
€) + (CH,),CHCL == { сие 


Benzene Isopropyl chloride Isopropylbenzene 


It would not be appropriate to use propyl chloride and trust that a rearrangement would lead 
to isopropylbenzene, because a mixture of propylbenzene and isopropylbenzene would be 
obtained. 

Isopropylbenzene may also be prepared by alkylation of benzene with propene in the pres- 
ence of sulfuric acid. 


( + CHCH—CH, 289%. (енен, 


Benzene Propene Isopropylbenzene 


(b) Since the isopropyl] and sulfonic acid groups are para to each other, the first group introduced 
on the ring must be the ortho, para director, that is, the isopropyl group. We may therefore use 
the product of part (a), isopropylbenzene, in this synthesis. An isopropyl group is a fairly 
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(c) 


(d) 


(e) 


bulky ortho, para director, and so sulfonation of isopropylbenzene gives mainly p-isopropyl- 
benzenesulfonic acid. 


SO 
єнә,сн— ) H0; снусн—{ 50 


Isopropylbenzene p-Isopropylbenzenesulfonic acid 


A sulfonic acid group is meta-directing, so that the order of steps must be alkylation followed 
by sulfonation rather than the reverse. 

Free-radical halogenation of isopropylbenzene occurs with high regioselectivity at the ben- 
zylic position. N-Bromosuccinimide (NBS) is a good reagent to use for benzylic bromination 
reactions. 


Br 
Br,, light | 
CH(CH,), —oNBS ^ ic 
CH, 
Isopropylbenzene 2-Bromo-2-phenylpropane 


Toluene is an obvious starting material for the preparation of 4-tert-butyl-2-nitrotoluene. Two 
possibilities, both involving nitration and alkylation of toluene, present themselves; the prob- 
lem to be addressed is in what order to carry out the two steps. Friedel-Crafts alkylation must 
precede nitration. 


3 3 3 
NO, 
(CH,),CCI HNO, 
—————— — ~o 
AICI, H,SO, 
C(CH,), C(CH,), 
Toluene p-tert-Butyltoluene 4-tert-Butyl- 


2-nitrotoluene 


Introduction of the nitro group as the first step is an unsatisfactory approach since 
Friedel-Crafts reactions cannot be carried out on nitro-substituted aromatic compounds. 

Two electrophilic aromatic substitution reactions need to be performed: chlorination and 
Friedel-Crafts acylation. The order in which the reactions are carried out is important; chlo- 
rine is an ortho, para director, and the acetyl group is a meta director. Since the groups are 
meta in the desired compound, introduce the acetyl group first. 


| О О 
CH;CCI | CL | 
AICI, CCH; AICI, CCH; 
Cl 
Benzene Acetophenone m-Chloroacetophenone 


(f) Reverse the order of steps in part (e) to prepare p-chloroacetophenone. 


T O 
Cl, CH;CCI || 
FeCl, Cl AICI, с CCH; 
Benzene Chlorobenzene p-Chloroacetophenone 


Friedel—Crafts reactions can be carried out on halobenzenes but not on arenes that are more 
strongly deactivated. 
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(g) 


(h) 


(i) 


(7) 
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Here again the problem involves two successive electrophilic aromatic substitution reactions, 
in this case using toluene as the initial substrate. The proper sequence is Friedel-Crafts acyla- 
tion first, followed by bromination of the ring. 


CH, " CH, CH, 
| Вг 
CH,CCI Br, 
AICI, AIBr, 
CCH CCH 
2 3 2 3 
o^ Of 
Toluene p-Methylacetophenone 3-Bromo-4- 
methylacetophenone 


If the sequence of steps had been reversed, with halogenation preceding acylation, the first in- 
termediate would be o-bromotoluene, Friedel-Crafts acylation of which would give a com- 
plex mixture of products because both groups are ortho, para-directing. On the other hand, the 
orienting effects of the two groups in p-methylacetophenone reinforce each other, so that its 
bromination is highly regioselective and in the desired direction. 

Recalling that alkyl groups attached to the benzene ring by CH, may be prepared by reduction 
of the appropriate ketone, we may reduce 3-bromo-4-methylacetophenone, as prepared in 
part (g), by the Clemmensen on Wolff—Kishner procedure to give 2-bromo-4-ethyltoluene. 


CH, CH, 
Br Br 
Zn(Hg), HCl 
EN 
or H,NNH,, KOH 


diethylene glycol, 
heat 


ACH, CH,CH; 
О 
3-Вгото-4- 2-Bromo-4- 
methylacetophenone ethyltoluene 


This is a relatively straightforward synthetic problem. Bromine is an ortho, para-directing 
substituent; nitro is meta-directing. Nitrate first, and then brominate to give 1-bromo- 
3-nitrobenzene. 


NO, NO, 
HNO, Br, 
————— ————— 
H,SO, AIBr, 
Br 
Benzene Nitrobenzene 1-Bromo-3-nitrobenzene 


Take advantage of the ortho, para-directing properties of bromine to prepare 1-bromo-2,4- 
dinitrobenzene. Brominate first, and then nitrate under conditions that lead to disubstitution. 
The nitro groups are introduced at positions ortho and para to the bromine and meta to each 
other. 


Br Br 
NO, 
Bry, FeBr, HNO, 
> —————— 
H,SO,, heat 
NO, 
Benzene Bromobenzene ]-Bromo-2,4- 


dinitrobenzene 


C,H, + CH,(CH,),CH,Br 


Benzene 
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(k) Although bromo and nitro substituents are readily introduced by electrophilic aromatic substi- 
tution, the only methods we have available so far to prepare carboxylic acids is by oxidation of 
alkyl side chains. Thus, use toluene as a starting material, planning to convert the methyl group 
to a carboxyl group by oxidation. Nitrate next; nitro and carboxyl are both meta-directing 
groups, so that the bromination in the last step occurs with the proper regioselectivity. 


CH, Сон Сон со,н 
Na,Cr,O, HNO, Br, 
— ~ ‘a — s — s 
H,O, H,SO,, heat H,SO, FeBr, 
NO, Br NO, 
Toluene Benzoic acid 3-Nitrobenzoic acid 3-Bromo-5- 


nitrobenzoic acid 


If bromination is performed prior to nitration, the bromine substituent will direct an incoming 
electrophile to positions ortho and para to itself, giving the wrong orientation of substituents 
in the product. 

(J) Again toluene is a suitable starting material, with its methyl group serving as the source of the 
carboxyl substituent. The orientation of the substituents in the final product requires that the 
methyl group be retained until the final step. 


CH, CO,H 
Br 
EEUU EE cs S 
^ HO, ^ oo H “HLO, H,SO, heat - H,SO,, heat 
NO, 
Toluene TOR 2-Bromo-4- 2-Bromo-4- 
nitrotoluene nitrobenzoic acid 


Nitration must precede bromination, as in the previous part, in order to prevent formation of 
an undesired mixture of isomers. 

(m) Friedel-Crafts alkylation of benzene with benzyl chloride (or benzyl bromide) is a satisfac- 
tory route to diphenylmethane. 


AIC 
+ сња | ——— CH, 


Benzene Benzyl chloride Diphenylmethane 


Benzyl chloride is prepared by free-radical chlorination of toluene. 


== CL 
N К CH; light or heat T { сна 


Toluene Benzyl chloride 


Alternatively, benzene could have been subjected to Friedel-Crafts acylation with benzoyl 
chloride to give benzophenone. Clemmensen or Wolff—Kishner reduction of benzophenone 
would then furnish diphenylmethane. 

(n) 1-Phenyloctane cannot be prepared efficiently by direct alkylation of benzene, because of the 
probability that rearrangement will occur. Indeed, a mixture of 1-phenyloctane and 2-phenyl- 
octane is formed under the usual Friedel-Crafts conditions, along with 3-phenyloctane. 


CH, CCH 


IBr, | 


C,H;CH,(CH,),CH, + C,H;CH(CH,);CH, + C,H;CH(CH,),CH, 


1-Bromooctane 1-Phenyloctane (40%) 2-Phenyloctane (30%) 3-Phenyloctane (30%) 
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A method that permits the synthesis of 1-phenyloctane free of isomeric compounds is acyla- 
tion followed by reduction. 


AICI, || Zu(Hg) 


| 
сене + CH(CHj,CC]  — —— C,H,C(CH,),CH, —— — C,H,CH,(CH,),CH, 
Benzene Octanoyl chloride 1-Phenyl-1-octanone 1-Phenyloctane 


Alternatively, Wolff-Kishner conditions (hydrazine, potassium hydroxide, diethylene glycol) 
could be used in the reduction step. 

(o) Direct alkenylation of benzene under Friedel-Crafts reaction conditions does not take place, 
and so 1-phenyl-1-octene cannot be prepared by the reaction 


AICI, 


CH, + CICH—CH(CH,),CH, 


Benzene 1-Chloro-1-octene 1-Phenyl-1-octene 


C.H,CH—CH(CH,),CH, 
No! Reaction effective only with 
alkyl halides, not 1-haloalkenes. 


Having already prepared 1-phenyloctane in part (n), however, we can functionalize the ben- 
zylic position by bromination and then carry out a dehydrohalogenation to obtain the target 


compound. 
Bry, light KOCH, 
CsH;CH,(CH3);CH; в» Ret e raed CH,OH C,H;CH=CH(CH,);CH, 
Br 
1-Phenyloctane ]-Bromo-1-phenyloctane ]-Phenyl-1-octene 


(p) 1-Phenyl-1-octyne cannot be prepared in one step from benzene; 1-haloalkynes are unsuitable 
reactants for a Friedel-Crafts process. In Chapter 9, however, we learned that alkynes may be 
prepared from the corresponding alkene: 


RC=CR obtained from RCH—CHR obtained from ЕСН==<СНЕ 


Br Br 
Using the alkene prepared in part (0), 
Br, NaNH, 
C,H,CH—CH(CH,),CH, CeH,CHCH(CH,)CH, и CsHsC==C(CH,),CH, 
Br Br 
1-Phenyl-1-octene 1,2-Dibromo-1-phenyloctane ]-Phenyl-1-octyne 


(а) Nonconjugated cyclohexadienes are prepared by Birch reduction of arenes. Thus the last step 
in the synthesis of 1,4-di-tert-butyl-1,4-cyclohexadiene is the Birch reduction of 1,4-di-tert- 


butylbenzene. 
C(CH,), C(CH,), C(CH,), 
Q (CH,),CCI (CH,);CCl Na, NH, 
—————— —————— —————— 
МС AIC], ethanol 
С(СН,)» С(СН,), 
Benzene tert-Butylbenzene p-Di-tert- 1,4-Di-tert-butyl-1,4- 


butylbenzene cyclohexadiene 


REACTIONS OF ARENES: ELECTROPHILIC AROMATIC SUBSTITUTION 


1228 (а) 
(b) 
(c) 
(d) 
OCH, 
Anisole 
12.29 (a) 
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Methoxy is an ortho, para-directing substituent. All that is required to prepare p-methoxy- 
benzenesulfonic acid is to sulfonate anisole. 
OCH, OCH, 
H,SO, 
— 
SO,H 
Anisole p-Methoxybenzene- 
sulfonic acid 
In reactions involving disubstitution of anisole, the better strategy is to introduce the para sub- 
stituent first. The methoxy group is ortho, para-directing, but para substitution predominates. 
OCH, OCH, OCH, 
Br 
HNO, Вг, 
H,SO, FeBr, 
NO, NO, 
Anisole p-Nitroanisole 2-Bromo-4- 
nitroanisole 
Reversing the order of the steps used in part (5) yields 4-bromo-2-nitroanisole. 
OCH, OCH, OCH, 
NO, 
Br, HNO, 
FeBr, H,SO, 
Br Br 
Anisole p-Bromoanisole 4-Bromo-2- 
nitroanisole 
Direct introduction of a vinyl substituent onto an aromatic ring is not a feasible reaction. 
p-Methoxystyrene must be prepared in an indirect way by adding an ethyl side chain and then 
taking advantage of the reactivity of the benzylic position by bromination (e.g., with N- 
bromosuccinimide) and dehydrohalogenation. 
OCH, OCH, OCH, 
CH,CH,Cl NBS NaOCH, 
— - — 
AICI, peroxides, 
heat 
CHCH, BrCHCH, CH=CH, 
p-Ethylanisole p-(1-Bromoethyl)anisole p-Methoxystyrene 
Methyl is an ortho, para-directing substituent, and toluene yields mainly o-nitrotoluene and 


p-nitrotoluene on mononitration. Some m-nitrotoluene is also formed. 


CH, CH, CH, CH, 
NO, 
HNO; 
6 T ag 
40°C 
NO, 
NO, 
Toluene o-Nitrotoluene m-Nitrotoluene p-Nitrotoluene 
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(b) There are six isomeric dinitrotoluenes: 


CH, CH, CH, CH, 
| — NO, i NO, ON. i NO, 
NO, ОМ 
NO, 


2,3-Dinitrotoluene — 2,4-Dinitrotoluene 2,5-Dinitrotoluene 2,6-Dinitrotoluene 
CH, CH, 
ом“ : "NO, : "NO, 
NO, 
3,5-Dinitrotoluene 3,4-Dinitrotoluene 


The least likely product is 3,5-dinitrotoluene because neither of its nitro groups is ortho or 
para to the methyl group. 
(c) There are six trinitrotoluene isomers: 


CH, CH, CH, 
ом NO, NO, í NO, 
NO, ON NO, 

NO, NO, 


2,4,6-Trinitrotoluene 2,3,4- Trinitrotoluene 2,3,5- Trinitrotoluene 
CH, CH, CH, 
ON NO, NO, 
NO, ON NO, ON 
NO, NO, 
2,3,6-Trinitrotoluene 3,4,5-Trinitrotoluene 2,4,5-Trinitrotoluene 


The most likely major product is 2,4,6-trinitrotoluene because all the positions activated by 
the methyl group are substituted. This is, in fact, the compound commonly known as TNT. 


12.30 From o-xylene: 


CH, CH, 
CH, | CH, 
AICI, 
+ CH,CCl 
CCH, 
О 
o-Xylene Acetyl chloride 3,4-Dimethyl- 


acetophenone (94%) 
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From m-xylene: 


CH, CH, 
| AICI, 
+ CH,CCI 
CH, CH, 
CH. 
О 
m-Xylene 2,4-Dimethyl- 


acetophenone (86%) 


From p-xylene: 


CH, cu, f 
ү Ссн, 
|| AICI, 
+ CH,CCl 
CH, CH, 
p-Xylene 2,5-Dimethyl- 


acetophenone (99%) 


12.31 The ring that bears the nitrogen in benzanilide is activated toward electrophilic aromatic substitu- 
tion. The ring that bears the C—O is strongly deactivated. 


j d | 
Cl е 
О-О = Q0 o 
Benzanilide N-(o-Chlorophenyl)benzamide N-(p-Chlorophenyl)benzamide 


12.32 (a) Nitration of the ring takes place para to the ortho, para-directing chlorine substituent; this 
position is also meta to the meta-directing carboxyl groups. 


COH CO,H 
Cl Cl 
HNO, 
H,SO, 
CO,H ом CO.H 
2-Chloro-1,3- 2-Chloro-5-nitro-1,3- 
benzenedicarboxylic acid benzenedicarboxylic acid (86%) 


(b)  Bromination of the ring occurs at the only available position activated by the amino group, а 
powerful activating substituent and an ortho, para director. This position is meta to the meta- 
directing trifluoromethyl group and to the meta-directing nitro group. 


CF, CF, 
NH, NH, 
Br, 
acetic acid 
ом ом Вг 
4-Nitro-2-(trifluoromethyl)- 2-Bromo-4-nitro-6- 
aniline (trifluoromethyl)aniline 


(8196) 
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(c) This may be approached as a problem in which there are two aromatic rings. One of them 
bears two activating substituents and so is more reactive than the other, which bears only one 
activating substituent. Of the two activating substituents (—OH and C,H;—), the hydroxyl 
substituent is the more powerful and controls the regioselectivity of substitution. 


(7 Ек OH НС C 2 C 2 OH 


Br 
p-Phenylphenol 2-Bromo-4-phenylphenol 


(d) Both substituents are activating, nitration occurring readily even in the absence of sulfuric 
acid; both are ortho, para-directing and comparable in activating power. The position at which 
substitution takes place is therefore 


C(CH,), 
Not here; too hindered Sy ы Not here; too hindered 
CH(CH,), 
Ortho to isopropyl, 


para to tert-butyl 


C(CH,), C(CH,), 
HNO, 
acetic acid 
CH(CH,), CH(CH,), 
NO, 
1-tert-Butyl-3- 4-tert-Butyl-2-isopropyl- 
isopropylbenzene 1-nitrobenzene (78%) 


(e) Protonation of 1-осѓепе yields a secondary carbocation, which attacks benzene. 


H,SO, 
+ CH,—CH(CH,.CH, 


Benzene 1-Octene 2-Phenyloctane (84%) 


CH,CH(CH,),CH, 


(f) Thereaction that occurs with arenes and acid anhydrides in the presence of aluminum chloride 
is Friedel-Crafts acylation. The methoxy group is the more powerful activating substituent, so 
acylation occurs para to it. 


О 
| AICI, | 
OCH, + CH,COCCH, Н.С OCH, + CH,CO,H 
F F 
o-Fluoroanisole Acetic anhydride 3-Fluoro-4-methoxyacetophenone 


(70-80%) 
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(e) Тһе isopropyl group is ortho, para-directing, and the nitro group is meta-directing. In this case 
their orientation effects reinforce each other. Electrophilic aromatic substitution takes place 
ortho to isopropyl and meta to nitro. 


CH(CH,), CH(CH,), 
NO, 
HNO, 
————— 
H,SO, 
NO, NO, 
p-Nitroisopropyl- 2,4-Dinitroisopropyl- 
benzene benzene (96%) 


(h) Inthe presence of an acid catalyst (H,SO,), 2-methylpropene is converted to tert-butyl cation, 
which then attacks the aromatic ring ortho to the strongly activating methoxy group. 


(CH,),C=CH, + H* (CH,),C* 
OCH; OCH; 
С(СН,), 
+ (СН,),С — 
CH, CH, 


In this particular example, 2-tert-butyl-4-methylanisole was isolated in 98% yield. 

(i) There are two things to consider in this problem: (1) In which ring does bromination occur, 
and (2) what is the orientation of substitution in that ring? All the substituents are activating 
groups, so substitution will take place in the ring that bears the greater number of sub- 
stituents. Orientation is governed by the most powerful activating substituent, the hydroxyl 
group. Both positions ortho to the hydroxyl group are already substituted, so that bromina- 
tion takes place para to it. The product shown was isolated from the bromination reaction in 
100% yield. 


H,C OH HC OH 


C) CH, К CH, aa CJ CH, * CH, 
Br 


3-Benzyl-2,6-dimethylphenol 3-Benzyl-4-bromo-2, 
6-dimethylphenol 
(10096) 


(j) Wolff-Kishner reduction converts benzophenone to diphenylmethane. 
O 
| H,NNH,, KOH 
С triethylene CH, 


glycol, heat 
Benzophenone Diphenylmethane (83%) 
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(k) Fluorine is an ortho, para-directing substituent. It undergoes Friedel-Crafts alkylation on 
being treated with benzyl chloride and aluminum chloride to give a mixture of o-fluoro- 
diphenylmethane and p-fluorodiphenylmethane. 


F F F 
C,H,CH 
AICI, бузлу 
+ снена ——— + 
C,H,CH, 
Fluorobenzene Benzyl chloride o-Fluorodiphenylmethane p-Fluorodiphenylmethane 
(1596) (85%) 


I 
(1) The —NHCCH, substituent is a more powerful activator than the ethyl group. It directs 
Friedel-Crafts acylation primarily to the position para to itself. 


| | 
CH,CNH CH,CNH 
CH,CH, " T" CH,CH, 
+ CHOC] ——— + HCl 
CCH 
ore а 
o-Ethylacetanilide Acetyl chloride 4-Acetamido-3- 


ethylacetophenone (57%) 


(m) Clemmensen reduction converts the carbonyl group to a CH, unit. 


CH, || CH, 
CCH, CH,CH, 
Zn(Hg) 
НСІ 
Н.С CH, H,C CH, 
2,4,6-Trimethylacetophenone 2-Ethyl-1,3,5-trimethylbenzene 
(74%) 


(n) Bromination occurs at C-5 on thiophene-3-carboxylic acid. Reaction does not occur at C-2 
since substitution at this position would place a carbocation adjacent to the electron- 
withdrawing carboxyl group. 


COH CO,H 
Br, 
Q x L4 
5 2 acetic acid 
S Br `$ 
Thiophene-3- 2-Bromo-thiophene-4- 
carboxylic acid carboxylic acid (6996) 


12.33 Ina Friedel-Crafts acylation reaction an acyl chloride or acid anhydride reacts with an arene to yield 
an aryl ketone. 


О О 


| AICI, | 
ArH + ВСС ————> АСК 
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or 


| AICI, | | 
ArH + RCOCR ————> ArCR + ЕСОН 


The ketone carbonyl is bonded directly to the ring. In each of these problems, therefore, you should 
identify the bond between the aromatic ring and the carbonyl group and realize that it arises as 
shown in this general reaction. 


| 
(a) The compound is derived from benzene and С,Н;СН,ССІ. The observed yield in this reac- 
tion is 82%. 


| | 
TSP: arises from ( 2n and ассњ—( ) 


(b) The presence of the ArCCH,CH,CO,H unit suggests an acylation reaction using succinic 


anhydride. 
nek ad arises from HC ў—сн, and pat 
CCH, CH, CO, H Succinic 


I | anhydride 


In practice, this reaction has been carried out in 55% yield. 
(c) Two methods seem possible here but only one actually works. The only effective combination 


15 
_ AIC | | 
ON dox 
p 


-Nitrobenzoyl Benzene p-Nitrobenzophenone (8796) 
chloride 


The alternative combination 


EE S NE . 
„М + ad no reaction 


fails because it requires a Friedel-Crafts reaction on a strongly deactivated aromatic ring 
(nitrobenzene). 

(d) Here also two methods seem possible, but only one is successful in practice. The valid 
synthesis is 


O 
| AICI, | 
ССІ + С 
Н.С H.C 
3,5-Dimethylbenzoyl Benzene 3,5-Dimethylbenzophenone 


chloride (89%) 
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The alternative combination will not give 3,5-dimethylbenzophenone, because of the ortho, 
para-directing properties of the methyl substituents in m-xylene. The product will be 2,4- 
dimethylbenzophenone. 


Н.С Н.С 


О 
| МС 
+ CIC RS 
3 3 # 
О 


m-Xylene Benzoyl chloride 2,4-Dimethylbenzophenone 


(e) The combination that follows is not effective, because it involves a Friedel-Crafts reaction on 
a deactivated aromatic ring. 


O 
| AICI, | 
H,C CC] + ————  poreaction 


HO,C 


p-Methylbenzoyl chloride Benzoic acid 


The following combination, utilizing toluene, therefore seems appropriate: 


[e [e 
|| AICI, | 
Н.С + CIC — HC С 
HO,C 


НОЈС 


The actual sequence used а cyclic anhydride, phthalic anhydride, in a reaction analogous to 
that seen in part (b). 


| 
ІСІ 
ње-( 4,9 "HER uc X^) 
О 
HO,C 
О 


Toluene Phthalic anhydride 0-(4-Methylbenzoyl)benzoic acid 
(96%) 


12.34 (a) The problem to be confronted here is that two meta-directing groups are para to each other in 
the product. However, by recognizing that the carboxylic acid function can be prepared by 
oxidation of the isopropyl group 


CH(CH,), COH 


oxidize 


О.Н SO,H 


we have a reasonable last step in the synthesis. The key intermediate has its sulfonic acid 
group para to the ortho, para-directing isopropyl group, which suggests the following 
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approach: 
CH(CH,), CH(CH,), Сон 
SO, Na,Cr,O, 
=e 
H,SO, H,O, H,SO,, heat 
SO,H SO,H 
Isopropylbenzene p-lsopropylbenzene- p-Carboxylbenzene- 
sulfonic acid sulfonic acid 


(b) In this problem two methyl groups must be oxidized to carboxylic acid functions, and a tert- 
butyl group must be introduced, most likely by a Friedel-Crafts reaction. Since Friedel-Crafts 
alkylations cannot be performed on deactivated aromatic rings, oxidation must follow, not pre- 
cede, alkylation. The following reaction sequence therefore seems appropriate: 


CH, CH, COH 
CH, CH, COH 


AICI, | Na,Cr,0; 
+ (CH4A4CCI H,O, H,SO,, heat 


С(СН,), C(CH,), 
o-Xylene 4-tert-Butyl-1,2- 4-tert-Butylbenzene-1,2- 
dimethylbenzene dicarboxylic acid 


In practice, zinc chloride was used as the Lewis acid to catalyze the Friedel-Crafts reaction 
(64% yield). Oxidation of the methyl groups occurs preferentially because the tert-butyl group 
has no benzylic hydrogens. 

(c)  Thecarbonyl group is directly attached to the naphthalene unit in the starting material. Reduce 
it in the first step so that a Friedel-Crafts acylation can be accomplished on the naphthalene 
ring. An aromatic ring that bears a strongly electron-withdrawing group such as C=O does 
not undergo Friedel-Crafts reactions. 


Zn(Hg), НСІ 3 
— — a 
АІСІ, 


(d) m-Dimethoxybenzene is a strongly activated aromatic compound and so will undergo elec- 
trophilic aromatic substitution readily. The ring position between the two methoxy groups is 
sterically hindered and less reactive than the other activated positions. 


OCH, 
XL 
OCH, 


Arrows indicate equivalent ring 
positions strongly activated by 
methoxy groups. 


Q 
d 
Q=0 
@ 
С) 
= 
С)=О© 
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Because Friedel-Crafts reactions may not be performed on deactivated aromatic rings, the 
tert-butyl group must be introduced before the nitro group. The correct sequence is therefore 


OCH, OCH, OCH, 
: ом 
OCH, OCH, OCH, 


C(CH,), C(CH,), 


This is essentially the procedure actually followed. Alkylation was effected, however, not 
with tert-butyl chloride and aluminum chloride but with 2-methylpropene and phosphoric 


acid. 
OCH, OCH, 
;PO, 
T (CH4),C—CH, 
OCH, OCH, 
C(CH,), 
m-Dimethoxybenzene 2-Methylpropene 1-tert-Butyl-2,4- 


dimethoxybenzene (75%) 


Nitration was carried out in the usual way. the orientation of nitration is controlled by the more 
powerfully activating methoxy groups rather than by the weakly activating tert-butyl. 


OCH, OCH, 


О.М 
HNO, 


H,SO, 
OCH, OCH, 


C(CH,), C(CH,), 


1-tert-Butyl-2,4- 
dimethoxy-5-nitrobenzene 


12.35 The first step is a Friedel-Crafts acylation reaction. The use of a cyclic anhydride introduces both 
the acyl and carboxyl groups into the molecule. 


О О 
О | | 
CCH,CH,COH 
AICI, 
О 
Benzene Succinic 4-Oxo-4-phenylbutanoic acid 
anhydride 


The second step is a reduction of the ketone carbonyl to a methylene group. A Clemmensen reduc- 
tion is normally used for this step. 


О О О 
| | | 


CCH,CH,COH CH,CH,CH,COH 
or ae O 
НСІ 


4-Oxo-4-phenylbutanoic acid 4-Phenylbutanoic acid 
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The cyclization phase of the process is an intramolecular Friedel-Crafts acylation reaction. It 
requires conversion of the carboxylic acid to the acyl chloride (thionyl chloride is a suitable reagent) 
followed by treatment with aluminum chloride. 


| | 
CH,CH,CH,COH CH,CH,CH,CCI 
СУ soci, CY AICI, 
4-Phenylbutanoic acid 4-Phenylbutanoyl chloride O 


12.36 Intramolecular Friedel-Crafts acylation reactions that produce five-membered or six-membered 
rings occur readily. Cyclization must take place at the position ortho to the reacting side chain. 


Фе; AICI, OO Р CT) AIC, ae 
С С 
of Brel O of Кет О 


(a) A five-membered cyclic ketone is formed here. 


| А1С1 
CH ee (снус 


(46%) 


(b) This intramolecular Friedel-Crafts acylation takes place to form a six-membered cyclic 
ketone in excellent yield. 


__ AIC 


93% 


(c) Inthis case two aromatic rings are available for attack in the acylation reaction. The more reac- 
tive ring is the one that bears the two activating methoxy groups, and cyclization occurs on it. 


CHO 
учи 
са 
РА Б 
CH,O CH,O 


2 aedem 
D 
5 О 


Only product (78% yield) (Not observed) 
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(a) То determine the total rate of chlorination of biphenyl relative to that of benzene, we add up 
the partial rate factors for all the positions in each substrate and compare them. 


0 250 250 0 1 1 
GRO 
0 250 250 0 1 1 
Biphenyl Benzene 
(sum = 2580) (sum = 6) 


Biphenyl _ 2580 430 
Benzene 6 1 


Relative rate of chlorination: 


(b) The relative rate of attack at the para position compared with the ortho positions is given by 
the ratio of their partial rate factors. 


Para 1580 1.58 
Ortho 1000 1 


Therefore, 15.8 g of p-chlorobiphenyl is formed for every 10 g of o-chlorobiphenyl. 


The problem stipulates that the reactivity of various positions in o-bromotoluene can be estimated 
by multiplying the partial rate factors for the corresponding positions in toluene and bromobenzene. 
Therefore, given the partial rate factors: 


CH, 
Very small 
45 45 0.0003 b 
and 
4.8 4.8 0.084 Very small 
750 0.0003 


the two are multiplied together to give the combined effects of the two substituents at the various 
ring positions. 


CH, CH, 
4.5 х 0.0003 Вг 0.0013 Вг 
ог 
4.8 X 0.084 Very small 0.403 Very small 
750 x 0.0003 0355 


The most reactive position is the one that is рага to bromine. The predicted product is therefore 
4-bromo-3-methylacetophenone. Indeed, this is what is observed experimentally. 


CH, CH, 
Br | Вг 
AICI, 
+ CH,CCI 
сне 
О 
o-Bromotoluene Acetyl 4-Bromo-3-methyl- 
chloride acetophenone 


This was first considered to be “anomalous” behavior on the part of o-bromotoluene, but, as can be 
seen, it is consistent with the individual directing properties of the two substituents. 
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12.39 The isomerization is triggered by protonation of the aromatic ring, an electrophilic attack by НСІ 


catalyzed by AICl,. 
CH(CH,), н CHCH), 
H,C CH, CH, 
. Ha, ВС 
AICI, 
H H H 
CH, CH, 


2-Isopropyl-1,3,5- 
trimethylbenzene 


The carbocation then rearranges by a methyl shift, and the rearranged cyclohexadienyl cation 
loses a proton to form the isomeric product 


CH(CH,), CH(CH,), CH(CH,), 
"T CH, H CH, CH, 
3 — — $ 
H › H 5 H H.C = 
Н 3 
CH, CH, CH, 


1-Isopropyl-2,4,5- 
trimethylbenzene 


The driving force for rearrangement is relief of steric strain between the isopropyl group and one of 
its adjacent methyl groups. Isomerization is acid-catalyzed. Protonation of the ring generates the 
necessary carbocation intermediate and rearomatization occurs by loss of a proton. 


12.40 The relation of compound A to the starting material is 


| 
СЕНАСН, СС] A + на 
(Ci2H;5C10) (Ci2H;40) 


The starting acyl chloride has lost the elements of НСІ in the formation of A. Because A forms 
benzene-1,2-dicarboxylic acid on oxidation, it must have two carbon substituents ortho to each 


other. 
e CO,H 
Na,Cr,0, 
Cx H50, H,SO,, heat Cx 
С COH 


These facts suggest the following process: 


| 
СН,);ССІ H,C—CH 
(Cr) ‚СН, (-H*) 
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The reaction leading to compound А is an intramolecular Friedel-Crafts acylation. Since cyclization 
to form an eight-membered ring is difficult, it must be carried out in dilute solution to minimize 
competition with intermolecular acylation. 


12.41 Although hexamethylbenzene has no positions available at which ordinary electrophilic aromatic 
substitution might occur, electrophilic attack on the ring can still take place to form a cyclohexadi- 
enyl cation. 


CH, CH, 
Н.С СН Н.С СН 
3 3 сна 3 3 
AICI, 
Н.С CH, Н.С СН, 
CH, Н.С CH, 


Compound А is the tetrachloroaluminate (AICI, ) salt of the carbocation shown. It undergoes 
deprotonation on being treated with aqueous sodium bicarbonate. 


КО, 
CH-H ÖH CH, 
H,C CH, H,C CH, 
—— + H,O 
H,C CH, Н.С CH, 
H,C CH, H,C CH, 


12.42 By examining the structure of the target molecule, compound C, we see that the bond indicated 
in the following structure joins two fragments that are related to the given starting materials A 


and B: 
| 
CH,O CH 
CHO CH, 1 А 
2) CH,O 
CH,O 
1 
СН.О. s p 
G CH,O 
CH,O B 
Compound C сњо 


The bond connecting the two fragments can be made by a Friedel-Crafts acylation-reduction 
sequence using the acyl chloride B. 


O Clemmensen 


АС, CH,O ка 
— — 
СЊ,О Wolff-Kishner 


reduction 
CHO 
CH,O 


C 


12.43 


12.44 
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The orientation is right; attack is para to one of the methoxy groups and ortho to the methyl. The 
substrate for the Friedel-Crafts acylation reaction, 3,4-dimethoxytoluene, is prepared from com- 
pound A by a Clemmensen or Wolff—Kishner reduction. Compound A cannot be acylated directly 
because it bears a strongly deactivating —CH substituent. 


In the presence of aqueous sulfuric acid, the side-chain double bond of styrene undergoes protona- 
tion to form a benzylic carbocation. 


C,H,CH—CH, + H* C,H,CHCH, 


Styrene ]-Phenylethyl cation 


This carbocation then reacts with a molecule of styrene in the manner we have seen earlier (Chap- 
ter 6) for alkene dimerization. 


C,H,CHCH, + C,H,CH=CH, CoHCHCH,CHCH, 


CH, 


The carbocation produced in this step can lose a proton to form 1,3-diphenyl-1-butene 


+ 

анас СЕСЕ + H* 

CH, CH, 
1,3-Diphenyl-1-butene 


or it can undergo a cyclization reaction in what amounts to an intramolecular Friedel-Crafts 
alkylation 


CH, 
| CH, 
єн 
Сн, + H + 
+ 
in 
C,H; C,H; 


1-Methyl-3-phenylindan 


The alcohol is tertiary and benzylic. In the presence of sulfuric acid a carbocation is formed. 


Q0 === Qe) 
CH, 


CCH) уе 
OH CH, 


An intramolecular Friedel-Crafts alkylation reaction follows, in which the carbocation attacks the 
adjacent aromatic ring. 


Crs ea E 
D О ^O 


CigHjg 
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SELF-TEST 
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PART A 


А-1. 


А-2. 


А-3. 


Write the three most stable resonance contributors to the cyclohexadienyl cation found in the 


ortho bromination of toluene. 


Give the major product(s) for each of the following reactions. Indicate whether the reaction 
proceeds faster or slower than the corresponding reaction of benzene. 


NO, 
HNO, 
(a) CY H,SO, 


50; 
(с) CX но 77 
Cl 


Write the formula of the electrophilic reagent species present in each reaction of the preced- 


ing problem. 


Provide the reactant, reagent, or product omitted from each of the following: 


CH,CH(CH,), 
Zn(Hg) 
x qu 
C(CH;), 
ji 
CH,CH,CH,C(CH,), 
(b) AICI, 
OCH, OCH, T? 
CCH; 
(c) — 
O 
HNO, 
Ө Eom 


CL 
(е) / \ FeCl, ? 
5 


OCH, 
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A-5. Draw the structure(s) of the major product(s) formed by reaction of each of the following 
compounds with Cl, and FeCl,. If two products are formed in significant amounts, draw 


them both. 
NO, О 
(а) (с) 
CH, 
CN 
(b) (d) cucu on 
OCH, 


A-6. Provide the necessary reagents for each of the following transformations. More than one step 
may be necessary. 


(a) ( "у снсњо, uos-( сом 
(b) Q —— Q renes 


CI 


CH CH, 
GI em Jy 
CH,C 


Br 
о О 
SO,H 
(e) Q єнә.сн—{ мо, 


Outline a reasonable synthesis of each of the following from either benzene or toluene апа 


any necessary organic or inorganic reagents. 


А-7. 


HC, CH, 
CH,CH(CH,), 


CO,H C 
(а) с (b) » (©) »! 
ом NO, cl 
NO, CH, 


316 


A-8. 
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Outline a reasonable synthesis of the compound shown using anisole (C;H,OCH;) and any 


necessary inorganic reagents. 
о) jw. 


Br 


PART B 


B-1. 


B-2. 


B-3. 


Consider the following statements concerning the effect of a trifluoromethyl group, — СЕ, 
on an electrophilic aromatic substitution. 

1. The CF, group will activate the ring. 

2. The CF, group will deactivate the ring. 

3. The CF, group will be a meta director. 

4. The CF, group will be an ortho, para director. 

Which of these statements are correct? 

(a) 1,3 (b) 1,4 (c) 2,3 (d) 2,4 


Which of the following resonance structures is not a contributor to the cyclohexadienyl 
cation intermediate in the nitration of benzene? 


H NO, H NO, 


+ 


(а) (с) 


(b) (d) None of these (all are contributors) 
+ 


All the following groups are activating ortho, para directors when attached to a benzene ring 


except 
(a) —OCH, (c) —CI 
j 
(b —NHCCH, (d) —N(CH3), 


Rank the following in terms of increasing reactivity toward nitration with HNO,, H,SO, 
(least — most): 


Cl NHCH, 

1 2 3 
(а) 1<2<3 (O 32722 
(by 2<1<3 (d) 3<2<1 


Еог Ше геаспоп 
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B-6. 


B-8. 


B-9. 


the best reactants are: 


(a) СНВг + HNO,, H,SO, (c) СН;Вг + H,SO,, heat 
(b) СН.МО, + Br, FeBr, (d) С,НМО, + HBr 
For the reaction 
Cl 
9 ———— 
ССН 
| 
О 
the best reactants аге 
| 
(a) СНО + C,H5CCI, AICI, (c) СН;СН,С,Н, + CL, FeCl, followed 
by oxidation with chromic acid 
| 

(b | C,H45CC4H; + CL, FeCl, (d) None of these yields the 


desired product. 


HNO4/H5SO, 
Oe = 


gives as the major product: 


(a) HC C р a “а (c) рта а 


NO, ON 


The reaction 


(0) HCY 00 „а @) HCY »— „а 
ON NO, 


Which one of the following compounds undergoes bromination of its aromatic ring (elec- 
trophilic aromatic substitution) at the fastest rate? 


20 ао OQ о 


О 

(а) (b) (c) (d) 
Which one of the following is the most stable? 

H Br H Br H Br Br H 
H H H H H H H 

H 
H H H H H H H H 
:NH, :NH, *NH, МН, 


(а) (b) (c) (d) 
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B-10. 


B-12. 


B-13. 
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The major product of the reaction 


oO, oQ 


(c) An equal mixture of compound (a) and (b) would form. 
(d) None of these; substitution would not occur. 


What is the product of the following reaction? 


CH, 
| H,SO, 
OCH, + C=CH, - 

єн, OCH, 
(a) { у—©нсһ—{ )-oon. (d) emai) 

єн, OCH, сн, 
QUO o OEO 

CH, 


© (CH,),CH ( J осн, 


Partial rate factors are shown for nitration of a particular aromatic compound. Based on these 
data, the most reasonable choice for substituent X is: 


X 
0.003 0.003 
0.001 0.001 
01 
(a) —N(CH;), (с) Вг (e) —CH=O 
(b) —SO3H (d) —CH(CH3), 
Which reactants combine to give the species shown at the right as a reactive intermediate? 
(a) Benzene, isopropyl bromide, and HBr СН(СН,), 
H H 


(b) Bromobenzene, isopropyl chloride, and AICI, 
(c) Isopropylbenzene, Br,, and FeBr, H H 
(d) Isopropylbenzene, Br,, light, and heat H Br 


(e) Isopropylbenzene, N-bromosuccinimide, benzoyl peroxide, and heat 
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B-14. Which sequence of steps describes the best synthesis of the compound shown? 


C,HsCH,Cl Br, 
(а) AIC, ^ FeBr, 
Br, C,HsCH,Cl 
(b) > > 
FeBr, МС 


о 
| 


F Br, C,H,CCI Zn(Hg) 
—__ > => 
(4) FeBr, AICI, HCI 


B-15. Which one of the following is the best synthesis of 2-chloro-4-nitrobenzoic acid? 


CO,H 
CI 


NO, 


2-Chloro-4- 
nitrobenzoic acid 


(a) 1. Heat benzoic acid with HNO,, (d) 
H,SO, 
2. Cl, FeCl,, heat 
(b 1. ‘Treat toluene with HNO,, 
H,SO, (e) 
2. K,Cr,0,, H,O, H,SO,, heat 
3. CL,FeCL, heat 
(c) 1. ‘Treat toluene with HNO,, 
H,SO, 
2. CL, FeCl,, heat 
3. K,Cr,0,, H,O, H,SO,, heat 


Treat nitrobenzene with CL, 
FeCl,, heat 

СН.СЬ AICI, 

K,Cr,0,, Н,О, H,SO,, heat 
Treat chlorobenzene with 
HNO, H,SO, 

СН.СЬ AICI, 

K,Cr,0,, Н,О, H,SO,, heat 


CHAPTER 13 
SPECTROSCOPY 


SOLUTIONS TO TEXT PROBLEMS 
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13.1 


13.2 


13.3 


13.4 


13.5 


The field strength of an NMR spectrometer magnet and the frequency of electromagnetic radia- 
tion used to observe an NMR spectrum are directly proportional. Thus, the ratio 4.7 T/200 MHz 
is the same as 1.41 T/60 MHz. The magnetic field strength of a 60-MHz NMR spectrometer is 
1.41 T. 


The ratio of ‘Н and "C resonance frequencies remains constant. When the 'H frequency is 
200 MHz, PC NMR spectra are recorded at 50.4 MHz. Thus, when the 'H frequency is 100 MHz, 
PC NMR spectra will be observed at 25.2 MHz. 


(a) Chemical shifts reported in parts per million (ppm) are independent of the field strength of the 
NMR spectrometer. Thus, to compare the ЇН NMR signal of bromoform (CHBr;) recorded at 
300 MHz with that of chloroform (СНСІ,) recorded at 200 MHz as given in the text, the chem- 
ical shift of bromoform must be converted from hertz to parts per million. The chemical shift 
for the proton in bromoform is 


5 — 2065 Hz 


= 300 MHz ` ®88 PPM 


(b) The chemical shift of the proton in bromoform (6 6.88 ppm) is less than that of chloroform 
(ô 7.28 ppm). The proton signal of bromoform is farther upfield and thus is more shielded 
than the proton in chloroform. 


In both chloroform (CHC1,) and 1,1,1-trichloroethane (СН,ССІ,) three chlorines are present. In 
СН.ССЬ, however, the protons are one carbon removed from the chlorines, and thus the deshield- 
ing effect of the halogens will be less. The ‘Н NMR signal of СН.ССЬ appears 4.6 ppm upfield 
from the proton signal of chloroform. The chemical shift of the protons in CH,CCl, is ё 2.6 ppm. 


1,4-Dimethylbenzene has two types of protons: those attached directly to the benzene ring and those 
of the methyl groups. Aryl protons are significantly less shielded than alkyl protons. As shown in 
text Table 13.1 they are expected to give signals in the chemical shift range д 6.5-8.5 ppm. Thus, the 
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signal at 8 7.0 ppm is due to the protons of the benzene ring. The signal at 6 2.2 ppm is due to the 
methyl protons. 
H 


ee ppm 


Н.С CH, 


H H7? ppm 


13.6 (b) Four nonequivalent sets of protons are bonded to carbon in 1-butanol as well as a fifth distinct 
type of proton, the one bonded to oxygen. There should be five signals in the 'H NMR spec- 
trum of 1-butanol. 


Queue 


Five different proton environments 
in 1-butanol; five signals 


(c) Apply the "proton replacement" test to butane. 


CH,CH,CH,CH, _ CICH,CH,CH,CH, CH CHCH. CH, 
CI 


Butane ]-Chlorobutane 2-Chlorobutane 


ОН ДОН CH,CH,CH,CH,Cl 
CI 


2-Chlorobutane ]-Chlorobutane 


Butane has two different types of protons; it will exhibit two signals in its 'H NMR spectrum. 
(d) Like butane, 1,4-dibromobutane has two different types of protons. This can be illustrated by 
using a chlorine atom as a test group. 


CI CI CI Cl 


| | | | 
BrCH,CH,CH,CH,Br BrCHCH,CH,CH,Br = BrCH,CHCH,CH,Br è BrCH,CH,CHCH,Br — BrCH,CH,CH,CHBr 


1,4-Dibromobutane 1,4-Dibromo-1-chlorobutane — 1,4-Dibromo-2-chlorobutane —1,4-Dibromo-2-chlorobutane — 1,4-Dibromo-1-chlorobutane 


The 'H NMR spectrum of 1,4-dibromobutane is expected to consist of two signals. 

(e) АП the carbons in 2,2-dibromobutane are different from each other, and so protons attached to 
one carbon are not equivalent to the protons attached to any of the other carbons. This com- 
pound should have three signals in its 'H NMR spectrum. 


2,2-Dibromobutane has three 
nonequivalent sets of protons. 


(f) АП the protons in 2,2,3,3-tetrabromobutane are equivalent. Its ІН NMR spectrum will consist 
of one signal. 
Br Br 


[| 
шу 


Вг Вг 


2,2,3,3-Tetrabromobutane 
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13.7 


(g) 


(h) 


(b) 


(d) 
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There are four nonequivalent sets of protons in 1,1,4-tribromobutane. It will exhibit four sig- 
nals in its 'H NMR spectrum. 


| 
BrCCH,CH,CH,Br 
raa 


я 


1,1,4-Tribromobutane 


The seven protons of 1,1,1-tribromobutane belong to three nonequivalent sets, and hence the 
'H NMR spectrum will consist of three signals. 


Br,CCH,CH,CH, 
ig | 


1,1,1-Tribromobutane 


Apply the replacement test to each of the protons of 1,1-dibromoethene. 


B H B Cl B H 
EM 7 Rm d poe d 

B NH Br’ ЭН B ^a 

1,1-Dibromoethene 1,1-Dibromo-2-chloroethene 1,1-Dibromo-2-chloroethene 


Replacement of one proton by a test group (Cl) gives exactly the same compound as replace- 
ment of the other. The two protons of 1,1-dibromoethene are equivalent, and there is only one 
signal in the 'Н NMR spectrum of this compound. 

The replacement test reveals that both protons of cis-1,2-dibromoethene are equivalent. 


Br Br BR 5 PR. P 
poe pore ASR 
H H Cl H H Cl 


cis-1,2-Dibromoethene (Z)-1,2-Dibromo-1-chloroethene (Z)-1,2-Dibromo-1-chloroethene 


Because both protons are equivalent, the 'H NMR spectrum of cis-1,2-dibromoethene consists 
of one signal. 
Both protons of trans-1,2-dibromoethene are equivalent; each is cis to a bromine substituent. 


trans-1,2-Dibromoethene 
(one signal in the 'H NMR spectrum) 


Four nonequivalent sets of protons occur in allyl bromide. 


“с—с^ 
уН” Чой 
7 


Allyl bromide (four signals in 
the 'H NMR spectrum) 
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(f) The protons of a single methyl group are equivalent to one another, but all three methyl groups 
of 2-methyl-2-butene are nonequivalent. The vinyl proton is unique. 


нс” H 


| | 


2-Methyl-2-butene (four signals in 
the H NMR spectrum) 


13.8 (b) The three methyl protons of 1,1,1-trichloroethane (CL|CCH,) are equivalent. They have the 
same chemical shift and do not split each other's signals. The ‘Н NMR spectrum of СІ,ССН, 
consists of a single sharp peak. 

(c) Separate signals will be seen for the methylene (CH,) protons and for the methine (CH) pro- 
ton of 1,1,2-trichloroethane. 


о 
Н 
Triplet Doublet 


1,1,2-Trichloroethane 


The methine proton splits the signal for the methylene protons into a doublet. The two 
methylene protons split the methine proton’s signal into a triplet. 
(d) Examine the structure of 1,2,2-trichloropropane. 


CICH,CCH, 


| 
Cl 


1,2,2-Trichloropropane 


The 'H NMR spectrum exhibits a signal for the two equivalent methylene protons and one for 
the three equivalent methyl protons. Both these signals are sharp singlets. The protons of the 
methyl group and the methylene group are separated by more than three bonds and do not split 
each other’s signals. 

(e) The methine proton of 1,1,1,2-tetrachloropropane splits the signal of the methyl protons into 
a doublet; its signal is split into a quartet by the three methyl protons. 


CI 


CIC CHE Double 


H 
— Quartet 


1,1,1,2- Tetrachloropropane 
13.9 (b) The ethyl group appears as a triplet-quartet pattern and the methyl group as a singlet. 


CH,CH,OCH, 


Triplet Quartet Singlet; not vicinal to any 
other protons in molecule 
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(c) The two ethyl groups of diethyl ether are equivalent to each other. The two methyl groups 
appear as one triplet and the two methylene groups as one quartet. 


ыенен. 


Triplet 
Quartet Quartet 


Triplet 
(d) The two ethyl groups of p-diethylbenzene are equivalent to each other and give rise to a 
single triplet—quartet pattern. 


CH,CH, CH,CH, 


H H 


Three signals: 
CH, triplet; 
CH, quartet; 

aromatic H singlet 


All four protons of the aromatic ring are equivalent, have the same chemical shift, and do not 
split either each other's signals or any of the signals of the ethyl group. 
(e) Four nonequivalent sets of protons occur in this compound: 


CICH,CH,OCH,CH, 


Triplet Triplet 
Triplet Quartet 


Vicinal protons in the CICH,CH,O group split one another's signals, as do those in the 
CH,CH,O group. 


13.10 Both H, and H, in m-nitrostyrene appear as doublets of doublets. H, is coupled to H, by a coupling 
constant of 12 Hz and to H, by a coupling constant of 2 Hz. H, is coupled to H, by a coupling con- 
stant of 16 Hz and to H, by a coupling constant of 2 Hz. 


H, H 


| | | 


TIT dE н. Eus н. 
ON. — 6c ЕБ doas 


(diagrams not to scale) 


13.11 (b) The signal of the proton at C-2 is split into a quartet by the methyl protons, and each line of 
this quartet is split into a doublet by the aldehyde proton. It appears as a doublet of quartets. 
(Note: It does not matter whether the splitting pattern is described as a doublet of quartets or 
a quartet of doublets. There is no substantive difference in the two descriptions.) 


These three 

protons split 

the signal for H,C—C—CH This proton splits the signal 
proton at C-2 for the proton at C-2 

into a о b. м а doublet. 
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13.12 (b) The two methyl carbons of the isopropyl group are equivalent. 


x у CH, 
< т / 
w —CH 
\n 
х У 


3 


Four different types of carbons occur in the aromatic ring and two different types are present 
in the isopropyl group. The C NMR spectrum of isopropylbenzene contains six signals. 
(c) The methyl substituent at C-2 is different from those at C-1 and C-3: 


The four nonequivalent ring carbons and the two different types of methyl carbons give rise to 
a "C NMR spectrum that contains six signals. 
(d) The three methyl carbons of 1,2,4-trimethylbenzene are different from one another: 


Н.С 


вс Уан 


Also, all the ring carbons are different from each other. The nine different carbons give rise to 
nine separate signals. 
(e) АП three methyl carbons of 1,3,5-trimethylbenzene are equivalent. 


Because of its high symmetry 1,3,5-trimethylbenzene has only three signals in its ЗС NMR 
spectrum. 


13.13 sp*-Hybridized carbons are more shielded than sp?-hybridized ones. Carbon x is the most shielded, 
and has a chemical shift of 5 20 ppm. The oxygen of the OCH, group decreased the shielding of 
carbon z; its chemical shift is 6 55 ppm. The least shielded is carbon y with a chemical shift of 


6 157 ppm. 
20ppm H H 55 ppm 
H,C OCH, 
H 157 ppm 


13.14 The ЗС NMR spectrum in Figure 13.22 shows nine signals and is the spectrum of 1,2,4-trimethyl- 
benzene from part (d) of Problem 13.12. Six of the signals, in the range 6 127-138 ppm, are due to 
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13.15 


13.16 


13.17 


13.18 


13.19 
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the six nonequivalent carbons of the benzene ring. The three signals near 6 20 ppm are due to the 


three nonequivalent methyl groups. 
РА 


CH, 


1,2,4-Trimethylbenzene 


The infrared spectrum of Figure 13.31 has no absorption in the 1600—1800-cm ' region, and so the 
unknown compound cannot contain a carbonyl (C—O) group. It cannot therefore be acetophenone 
or benzoic acid. 

The broad, intense absorption at 3300 ст! is attributable to a hydroxyl group. Although both 
phenol and benzyl alcohol are possibilities, the peaks at 2800—2900 ст”! reveal the presence of hy- 
drogen bonded to sp?-hybridized carbon. All carbons are sp?-hybridized in phenol. The infrared 
spectrum is that of benzyl alcohol. 


The energy of electromagnetic radiation is inversely proportional to its wavelength. Since excitation 
of an electron for the т —> 7r* transition of ethylene occurs at a shorter wavelength (A nax = 170 nm) 
than that of cis, trans-1,3-cyclooctadiene (А pax = 230 nm), the HOMO-LUMO energy difference in 
ethylene is greater. 


max 


Conjugation shifts A... to longer wavelengths in alkenes. The conjugated diene 2-methyl-1,3- 
butadiene has the longest wavelength absorption, А nay = 222 nm. The isolated diene 1,4-pentadiene 
and the simple alkene cyclopentene both absorb below 200 nm. 


$us 


2-Methyl-1,3-butadiene 
(A = 222 nm) 


max 


(b) The distribution of molecular-ion peaks in o-dichlorobenzene is identical to that in the para 
isomer. As the sample solution to part (a) in the text describes, peaks at m/z 146, 148, and 150 
are present for the molecular ion. 

(c) Тһе two isotopes of bromine are Вг and *'Br. When both bromines of p-dibromobenzene аге 
™Br, the molecular ion appears at m/z 234. When one is "Вг and the other is Вг, m/z for the 
molecular ion is 236. When both bromines are *'Br, m/z for the molecular ion is 238. 

(d) The combinations of РС], CI, Вг, and %Вг in p-bromochlorobenzene and the values of m/z 
for the corresponding molecular ion are as shown. 


(СІ, В) ту/г = 190 
(СТ, Br) or (Cl, Вг) m/z X^ 192 
("CL?Br m/z = 194 


The base peak in the mass spectrum of alkylbenzenes corresponds to carbon-carbon bond cleavage 
at the benzylic carbon. 


Н.С CH 
CH,+CH, CH,+CH,CH, CH 
Н.С CH, CH, CH, 
Base peak: C,H, ,* Base peak: C,H,* Base peak: C,H, |“ 


miz 119 m/z 105 т/х 119 


13.20 


13.21 


SPECTROSCOPY 327 


(b) The index of hydrogen deficiency is given by the following formula: 
Index of hydrogen deficiency = 3(C,H,, a2 — СН) 
The compound given contains eight carbons (C,Hg); therefore, 
Index of hydrogen deficiency = (CH — C,H) 
=5 


The problem specifies that the compound consumes 2 mol of hydrogen, and so it contains two 
double bonds (or one triple bond). Since the index of hydrogen deficiency is equal to 5, there 
must be three rings. 

(c) Chlorine substituents are equivalent to hydrogens when calculating the index of hydrogen 
deficiency. Therefore, consider C,H,Cl, as equivalent to C,H,,. Thus, the index of hydrogen 
deficiency of this compound is 4. 


Index of hydrogen deficiency — (СН — СНо 
=4 
Since the compound consumes 2 mol of hydrogen on catalytic hydrogenation, it must there- 
fore contain two rings. 


(d) Oxygen atoms are ignored when calculating the index of hydrogen deficiency. Thus, С,Н,О is 
treated as if it were С.Н}. 


Index of hydrogen deficiency = (СН — С,Н,) 
=>5 
Since the problem specifies that 2 mol of hydrogen is consumed on catalytic hydrogenation, 
this compound contains three rings. 
(e) Ignoring the oxygen atoms in СНО, we treat this compound as if it were C,H). 
Index of hydrogen deficiency = (С.Н, — СНо 
= 4 
Because 2 mol of hydrogen is consumed on catalytic hydrogenation, there must be two rings. 


(f) Ignore the oxygen, and treat the chlorine as if it were hydrogen. Thus, C;H,CIO is treated as 
if it were C,H, . Its index of hydrogen deficiency is 4, and it contains two rings. 


Since each compound exhibits only a single peak in its 'H NMR spectrum, all the hydrogens are 
equivalent in each one. Structures are assigned on the basis of their molecular formulas and chemi- 
cal shifts. 


(a) This compound has the molecular formula С,Н, and so must be an alkane. The 18 hydrogens 
are contributed by six equivalent methyl groups. 
(CH,),CC(CH,), 


2,2,3,3-Tetramethylbutane 
(6 0.9 ppm) 


(b) А hydrocarbon with the molecular formula C;H,) has an index of hydrogen deficiency of 1 
and so is either a cycloalkane or an alkene. Since all ten hydrogens are equivalent, this com- 


pound must be cyclopentane. 


Cyclopentane 
(6 1.5 ppm) 
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(d) 


(е) 


Gf) 


(g) 


(ћ) 
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The chemical shift of the eight equivalent hydrogens in C,H, is 6 5.8 ppm, which is consistent 
with protons attached to a carbon-carbon double bond. 


1,3,5,7-Cyclooctatetraene 
(8 5.8 ppm) 


The compound C,H,Br has no rings or double bonds. The nine hydrogens belong to three 
equivalent methyl groups. 


(CH,),CBr 


tert-Butyl bromide (6 1.8 ppm) 


The dichloride has no rings or double bonds (index of hydrogen deficiency = 0). The four 
equivalent hydrogens are present as two —СН,СІ groups. 


CICH,CH,Cl 


1,2-Dichloroethane (6 3.7 ppm) 


All three hydrogens in С,Н,СІ, must be part of the same methyl group in order to be 
equivalent. 
СН.ССЬ 
1,1,1-Trichloroethane (6 2.7 ppm) 


This compound has no rings or double bonds. To have eight equivalent hydrogens it must have 
four equivalent methylene groups. 


CH,Cl 
CICH,CCH,Cl 
CH,Cl 


1,3-Dichloro-2,2-di(chloromethyl)propane 
(8 3.7 ppm) 


A compound with a molecular formula of СН,» has an index of hydrogen deficiency of 4. 
A likely candidate for a compound with 18 equivalent hydrogens is one with six equivalent 
CH, groups. Thus, 6 of the 12 carbons belong to CH, groups, and the other 6 have no hydro- 
gens. The compound is hexamethylbenzene. 


CH, 
H,C CH, 


H,C CH, 
CH, 


A chemical shift of 6 2.2 ppm is consistent with the fact that all of the protons are benzylic 
hydrogens. 

The molecular formula of C,H,Br, tells us that the compound has no double bonds and no 
rings. All six hydrogens are equivalent, indicating two equivalent methyl groups. The com- 
pound is 2,2-dibromopropane, (CH4),CBr,. 


13.22 


13.23 
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In each of the parts to this problem, nonequivalent protons must not be bonded to adjacent carbons, 
because we are told that the two signals in each case are singlets. 


(a) 


(b) 


(c) 


(d) 


(a) 


(b) 


(c) 


Each signal corresponds to four protons, and so each must result from two equivalent CH, 
groups. The four CH, groups account for four of the carbons of С,Н,, leaving two carbons that 
bear no hydrogens. A molecular formula of C,H, corresponds to an index of hydrogen defi- 
ciency of 3. A compound consistent with these requirements is 


H,C— >=CH, 


The signal at 6 5.6 ppm is consistent with that expected for the four vinylic protons. The sig- 
nal at 6 2.7 ppm corresponds to that for the allylic protons of the ring. 

The compound has a molecular formula of C;H,,Br and therefore has no double bonds or 
rings. А 9-proton singlet at ô 1.1 ppm indicates three equivalent methyl groups, and a 2-proton 
singlet at 6 3.3 ppm indicates а CH,Br group. The correct structure is (CH4),CCH,Br. 

This compound (С,Н,,О) has three equivalent CH, groups, along with a fourth CH, group that 
is somewhat less shielded. Its molecular formula indicates that it can have either one double 
| 

bond or one ring. This compound is (CH,),CCCH, . 

A molecular formula of СН О, corresponds to an index of hydrogen deficiency of 2. The 

signal at 6 2.2 ppm (6H) is likely due to two equivalent CH, groups, and the one at 6 2.7 ppm 
MEN 

(4H) to two equivalent CH, groups. The compound is CH;CCH,CH,CCH3. 


A 5-proton signal at 6 7.1 ppm indicates a monosubstituted aromatic ring. With an index of 
hydrogen deficiency of 4, CHo contains this monosubstituted aromatic ring and no other rings 
or multiple bonds. The triplet-quartet pattern at high field suggests an ethyl group. 


( у сњсњ 
] 


Quartet Triplet 
6 2.6 ppm 6 1.2 ppm 
(Benzylic) 
Ethylbenzene 


The index of hydrogen deficiency of 4 and the 5-proton multiplet at 8 7.0 to 7.5 ppm are 
accommodated by a monosubstituted aromatic ring. The remaining four carbons and nine 
hydrogens are most reasonably a tert-butyl group, since all nine hydrogens are equivalent. 


{Усе 
\ 


Singlet; 6 1.3 ppm 
tert-Butylbenzene 
Its molecular formula requires that C;H,, be an alkane. The doublet-septet pattern is consis- 


tent with an isopropyl group, and the total number of protons requires that two of these groups 
be present. 


(CH,),CHCH(CH,), 


Doublet Septet 
д 0.8 ppm 61.4ppm 


2,3-Dimethylbutane 
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Note that the methine (CH) protons do not split each other, because they are equivalent and 
have the same chemical shift. 

(d) Тһе molecular formula С,Н,, requires the presence of one double bond or ring. A peak at 
ô 5.1 ppm is consistent with —C— CH, and so the compound is a noncyclic alkene. The vinyl 
proton gives a triplet signal, and so the group C—CHCH, is present. The 'H NMR spectrum 
shows the presence of the following structural units: 


H^ 5.1 ppm (Triplet) 


/ 
C=C 

Ga S 

2 2.0 ppm (Allylic) 

сн, ~ 0.9 ppm (Triplet) 

p.a 1.6 ppm (Singlet; allylic) 
co. 

CH 


M ra 1.7 ppm (Singlet; allylic) 


Putting all these fragments together yields a unique structure. 


Singlet xm у Triplet 
Н Н 
fex 74 
gos 
H,C CH,CH, 
Singlet ae, Triplet 
Pentet 


2-Methyl-2-pentene 


(e) The compound C,H,Cl, contains no double bonds or rings. There are no high-field peaks 
(6 0.5 to 1.5 ppm), and so there are no methyl groups. At least one chlorine substituent must 
therefore be at each end of the chain. The most likely structure has the four chlorines divided 
into two groups of two. 


CLCHCH,CH,CHCI, 
6 4.6 ppm 6 3.9 ppm 
(Triplet) (Doublet) 


1,1,4,4-Tetrachlorobutane 


(f) The molecular formula C,H,Cl, indicates the presence of one double bond or ring. A signal at 
6 5.7 ppm is consistent with a proton attached to a doubly bonded carbon. The following struc- 
tural units are present: 


a 5.7 ppm (Triplet) 


H 
“ 
C= ox 
CH, 
2.2 ppm (Allylic) 
C=CCH — 
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For the methyl group to appear as a singlet and the methylene group to appear as a doublet, 
the chlorine substituents must be distributed as shown: 


Singlet 
Н.С 
)C=CHCH,C! 
Cl 
Triplet Doublet (6 4.1 ppm) 


1,3-Dichloro-2-butene 


The stereochemistry of the double bond (E or Z) is not revealed by the 'H NMR spectrum. 

(g) A molecular formula of С,Н,СІО is consistent with the absence of rings and multiple bonds 
(index of hydrogen deficiency = 0). None of the signals is equivalent to three protons, and so 
no methyl groups are present. Three methylene groups occur, all of which are different from 
each other. The compound is therefore: 


CICH,CH,CH,OH 
Nes 6 2.8 ppm (Singlet) 
6 3.7 or 3.8 ppm 6 3.7 or 3.8 ppm 
Triplet 6 2.0 ppm : 
(Triplet) (Pentet) (Triplet) 


(h) The compound has a molecular formula of C,,H,, and an index of hydrogen deficiency of 8. 
With a 10-proton signal at 6 7.1 ppm, a logical conclusion is that there are two monosubsti- 
tuted benzene rings. The other four protons belong to two equivalent methylene groups. 


Ose 


ô 2.9 ppm (Singlet; benzylic) 
1,2-Diphenylethane 
13.24 Тһе compounds of molecular formula C,H,Cl are the isomeric chlorides: butyl, isobutyl, sec-butyl, 
and tert-butyl chloride. 


(a) АП nine methyl protons of tert-butyl chloride (СН,),ССІ are equivalent; its ЇН NMR spectrum 
has only one peak. 


(b) A doublet at ô 3.4 ppm indicates a —CH,Cl group attached to a carbon that bears a single 
proton. 


(CH,),CHCH,Cl 


6 3.4 ppm (Doublet) 


Isobutyl chloride 


(c) А triplet at 6 3.5 ppm means that a methylene group is attached to the carbon that bears the 
chlorine. 


CH,CH,CH,CH;CI 
6 3.5 ppm (Triplet) 


Butyl chloride 
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(d) This compound has two nonequivalent methyl groups. 


7 ~ и 
ӧ1.5ррт CH,CHCH,CH, ё 1.0 ppm 
(Doublet) | Ё (Triplet) 


Cl 


sec-Butyl chloride 


13.25 Compounds with the molecular formula C;H5Br have either one ring or one double bond. 


(a) The two peaks at 6 5.4 and 5.6 ppm have chemical shifts consistent with the assumption that 
each peak is due to a vinyl proton (С==СН). The remaining three protons belong to an allylic 
methyl group (6 2.3 ppm). 

The compound cannot be СН.СН==СНВт, because the methyl signal would be split into a 
doublet. Isomer A can only be 


УСН» 
С=с 
Вг 


2-Вгото-1-ргорепе 


(b) Two of the carbons of isomer B have chemical shifts characteristic of sp^-hybridized carbon. 
One of these bears two protons (6 118.8 ppm); the other bears one proton (6 134.2 ppm). The 
remaining carbon is sp*-hybridized and bears two hydrogens. Isomer В is allyl bromide. 

H,C=CHCH,Br 
6 118.8 ppm~ à 134.2 ppm ~6 32.6 ppm 


Allyl bromide 


(c) АП the carbons аге sp^-hybridized in this isomer. Two of the carbons belong to equivalent CH, 
groups, and the other bears only one hydrogen. Isomer C is cyclopropyl bromide. 


Cyclopropyl bromide 

13.26 АП these compounds have the molecular formula C,H,,O. They have neither multiple bonds nor 

rings. 
(a) Two equivalent CH, groups occur at 6 18.9 ppm. One carbon bears a single hydrogen. The 
least shielded carbon, presumably the one bonded to oxygen, has two hydrogen substituents. 
Putting all the information together reveals this compound to be isobutyl alcohol. 
(CH,),CHCH,OH 
6 18.9 ppm 6 30.8 ppm 6 69.4 ppm 


Isobutyl alcohol 


(b) This compound has four distinct peaks, and so none of the four carbons is equivalent to any of 
the others. The signal for the least shielded carbon represents CH, and so the oxygen is at- 
tached to a secondary carbon. Only one carbon appears at low field; the compound is an alco- 
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hol, not an ether. Therefore; 


6 69.2 ppm 


CH,CHCH,CH, 


6 22.7 ppm OH 6 10.0 ppm 
6 32.0 ppm 


sec-Butyl alcohol 


(c) Signals for three equivalent CH, carbons indicate that this isomer is tert-butyl alcohol. This 
assignment is reinforced by the observation that the least shielded carbon has no hydrogens 
attached to it. 


(CH,),COH 
6 31.2 ppm 6 68.9 ppm 


tert-Butyl alcohol 


13.27 The molecular formula of C,H}; for each of these isomers requires that all of them be alkanes. 
(a) This compound contains only CH, and CH carbons. 
(CH,),CHCH(CH,), 


8 191 ppm 633.9 ppm 


2,3-Dimethylbutane 
(b) This isomer has no CH carbons, and two different kinds of CH, groups. 
CH,CH,CH,CH,CH,CH, 


6 13.7 ppm ô 22.8 ppm — 6 31.9 ppm 


Hexane 


(c) CH, СН», and CH carbons are all present in this isomer. There are two different kinds of CH, 


groups. 
8 29.1 ppm 5 36.4 ppm 
CH,CH,CHCH,CH, 
бн, 
ô 11.1 ppm 8 18.4 ppm 


3-Methylpentane 


(d) This isomer contains a quaternary carbon in addition to a CH, group and two different kinds 
of CH, groups. 
6 28.7 ppm CH; 
H,C—-C—CH,CH, 


CH, 6 8.5 ppm 
6 30.2 ppm 6 36.5 ppm 


2,2-Dimethylbutane 
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(e) This isomer contains two different kinds of CH, groups, two different kinds of CH, groups, 


and a CH group. 
6 27.6 ppm 6 20.5 ppm 
CH,CHCH,CH,CH, 
us 6 14.0 ppm 
6 22.4 ppm 6 41.6 ppm 


2-Methylpentane 


13.28 The index of hydrogen deficiency of the compound C,H, is 2. It can have two double bonds, two 
rings, one ring and one double bond, or one triple bond. 
The chemical shift data indicate that two carbons are sp*-hybridized and two are sp?. The most 
reasonable structure that is consistent with ^C NMR data is cyclobutene. 


|] 


6 136 ppm 6 30.2 ppm 


Cyclobutene 
The compound cannot be 1- or 2-methylcyclopropene. Neither of the carbon signals represents a 
methyl group. 


13.29 Басһ of the carbons in the compound gives its "C NMR signal at relatively low field; it is likely that 
each one bears an electron-withdrawing substituent. The compound is 


6 72.0 ppm 
ci ia E 
8 46.8 ppm OH 8 63.5 ppm 


3-Chloro-1,2-propanediol 
The isomeric compound 2-chloro-1,3-propanediol 


HOCH,CHCH,OH 


| 
с 


cannot be correct. The C-1 and C-3 positions are equivalent; the ^C NMR spectrum of this com- 
pound exhibits only two peaks, not three. 


13.30 (a) Allthe hydrogens are equivalent in p-dichlorobenzene; therefore it has the simplest 'H NMR 
spectrum of the three compounds chlorobenzene, o-dichlorobenzene, and p-dichloroben- 
zene. 


Cl Cl Cl 
xH Hx xH Cl xH Hx 
yH Hy yH Hx xH Hx 
Hz Hy Cl 
Chlorobenzene o-Dichlorobenzene p-Dichlorobenzene 


(three different kinds of protons) (two different kinds of protons) (all protons are equivalent) 
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(b-d) In addition to giving the simplest 'H NMR spectrum, p-dichlorobenzene gives the simplest 
PC NMR spectrum. It has two peaks in its ^C NMR spectrum, chlorobenzene has four, and 
o-dichlorobenzene has three. 


Cl Cl Cl 
w Xx CI x 

х x y ~ У У 

y y © y y 34 
7 X 
Cl 

Chlorobenzene o-Dichlorobenzene p-Dichlorobenzene 
(four different kinds of carbon) (three different kinds of carbon) (two different kinds of carbon) 


13.31 Compounds A and B (C, H,,) have an index of hydrogen deficiency of 4. Both have peaks in the 
5 130–140-ррт range of their PC NMR spectra, so that the index of hydrogen deficiency can be 
accommodated by a benzene ring. 

The С NMR spectrum of compound A shows only a single peak in the upfield region, at 
6 20 ppm. Thus, the four remaining carbons, after accounting for the benzene ring, are four equiva- 
lent methyl groups. The benzene ring is symmetrically substituted as there are only two signals in 
the aromatic region at 6 132 and 135 ppm. Compound A is 1,2,4,5-tetramethylbenzene. 


HC CH, 


6 132 ppm 
а. Vie 


HC Сн, 


1,2,4,5-Tetramethylbenzene 
(Compound A) 


In compound B the four methyl groups are divided into two pairs. Three different carbons occur in the 
benzene ring, as noted by the appearance of three signals in the aromatic region (6 128-135 ppm). 
Compound B is 1,2,3,4-tetramethylbenzene. 

6 128 ppm 


H,C N CH, 
5 134, 135 ppm— 7 у 
Н.С СН, “5 16,21 ppm 


1,2,3,4-Tetramethylbenzene 
(Compound B) 


13.32 Since the compound has а 5-proton signal at 6 7.4 ppm and an index of hydrogen deficiency of 4, 
we conclude that six of its eight carbons belong to a monosubstituted benzene ring. The infrared 
spectrum exhibits absorption at 3300 cm ', indicating the presence of a hydroxyl group. The com- 
pound is an alcohol. А 3-proton doublet at 8 1.6 ppm, along with а 1-proton quartet at 6 4.9 ppm, 
suggests the presence of a CH,CH unit. 

The compound is 1-phenylethanol. 


6 4.9 ppm 
(Quartet) 
| 
57.4 ppm | {уе Vom 
Је (Doublet) 
6 4.2 ppm 
(Singlet) 


1-Phenylethanol 
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The peak at highest m/z in the mass spectrum of the compound is m/z = 134; this is likely to cor- 
respond to the molecular ion. Among the possible molecular formulas, C,,H;, correlates best with 
the information from the 'H NMR spectrum. What is evident is that there is a signal due to aromatic 
protons, as well as a triplet-quartet pattern of an ethyl group. A molecular formula of C,,H,, sug- 
gests a benzene ring that bears two ethyl groups. Because the signal for the aryl protons is so sharp, 
they are probably equivalent. The compound is p-diethylbenzene. 


CH,CH, CH,CH, 


8 7.2 ppm- 7 H 92.7 ppm 61.3 ppm 
(Singlet) (Quartet) (Triplet) 


p-Diethylbenzene 


There is a prominent peak in the infrared spectrum of the compound at 1725 cm ', characteristic of 
C=O stretching vibrations. 

The 'Н NMR spectrum shows only two sets of signals, a triplet at ô 1.1 ppm and a quartet at 
6 2.4 ppm. The compound contains a CH,CH, group as its only protons. 

Its ^C NMR spectrum has three peaks, one of which is at very low field. The signal at 
6 211 ppm is in the region characteristic of carbons of C—O groups. 

If one assumes that the compound contains only carbon, hydrogen, and one oxygen atom and that 
the peak at highest m/z in its mass spectrum (m/z 86) corresponds to the molecular ion, then the 
compound has the molecular formula С,Н 0. 

All the information points to the conclusion that the compound has the structure shown. 


| 
CH,CH,CCH,CH, 
3-Pentanone 


[18]-Annulene has two different kinds of protons; the 12 protons on the outside periphery of the ring 
are different from the 6 on the inside. 


H 4H 


These different environments explain why the ЇН NMR spectrum contains two peaks in a 2:1 ratio. The 
less intense signal, that for the interior protons, is more shielded than the signal for the outside protons. 
This results from the magnetic field induced by the circulating 7 electrons of this aromatic ring, which 
reinforces the applied field in the region of the outside protons but opposes it in the interior of the ring. 


= 


13.36 


13.37-13.38 


13.39 


13.40 


13.41 
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Protons inside the ring are shielded by the induced field to a significant extent—so much so that their 
signal appears at 6 —1.9 ppm. 


(a) The nuclear spin of Е is ++, that is, the same as that of a proton. The splitting rules for 


E 
'°F_'H couplings are the same as those for 'H-'H. Thus, the single fluorine atom of СЊЕ 
splits the signal for the protons of the methyl group into a doublet. 

(b) The set of three equivalent protons of СЊЕ splits the signal for fluorine into a quartet. 

(c) The proton signal in CH,F is a doublet centered at ô 4.3 ppm. The separation between the two 
halves of this doublet is 45 Hz, which is equivalent to 0.225 ppm at 200 MHz (200 Hz — 1 ppm). 


Thus, one line of the doublet appears at 6 (4.3 + 0.225) ppm and the other at ô (4.3 — 0.225) ppm. 
6 4.3 ppm 


45 Hz 
64.525 ppm 6 4.075 ppm 


Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man- 
ual. You should use Learning By Modeling for these exercises. 


Because ?!P has a spin of E it is capable of splitting the 'H NMR signal of protons in the same 
molecule. The problem stipulates that the methyl protons are coupled through three bonds to phos- 
phorus in trimethyl phosphite. 
OCH, 
СЊО—Р. 
“осн, 


(a) The reciprocity of splitting requires that the protons split the ?!Р signal of phosphorus. There 
are 9 equivalent protons, and so the ?!P signal is split into ten peaks. 

(b) Each peak in the *!P multiplet is separated from the next by a value equal to the ‘'H—*!P cou- 
pling constant of 12 Hz. There are nine such intervals in a ten-line multiplet, and so the sepa- 
ration is 108 Hz between the highest and lowest field peaks in the multiplet. 


The trans and cis isomers of 1-bromo-4-fert-butylcyclohexane can be taken as models to estimate 
the chemical shift of the proton of the CHBr group when it is axial and equatorial, respectively, in 
the two chair conformations of bromocyclohexane. An axial proton is more shielded (6 3.81 ppm for 
trans-1-bromo-4-tert-butylcyclohexane) than an equatorial one (ô 4.62 ppm for cis- 1-bromo-4-tert- 
butylcyclohexane). 


6 4.62 ppm 6 3.81 ppm 6 3.95 ppm 
Br H | 
Y 0b E à 
(СНС (СНС Вг 
cis-1-Bromo-4-tert-butylcyclohexane; trans-1-Bromo-4-tert-butylcyclohexane; Bromocyclohexane 
less shielded more shielded 


The difference in chemical shift between these stereoisomers is 0.81 ppm. The corresponding pro- 
ton in bromocyclohexane is 0.67 ppm more shielded than in the equatorial proton in cis-1-bromo-4- 
tert-butylcyclohexane. The proportion of bromocyclohexane that has an axial hydrogen is therefore 
0.67/0.81, or 83%. For bromocyclohexane, 83% of the molecules have an equatorial bromine, and 
1796 have an axial bromine. 


The two staggered conformations of 1,2-dichloroethane are the anti and the gauche: 
CI Cl 


| А H H Cl 
Anti conformation 
has center of symmetry. TEL gi 
H H H 
Cl H 
Anti Gauche 
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13.42 


13.43 


13.44 


13.45 


SPECTROSCOPY 


The species present at low temperature (crystalline 1,2-dichloroethane) has a center of symmetry 
and is therefore the anti conformation. Liquid 1,2-dichloroethane is a mixture of the anti and the 
gauche conformations. 


(a) Energy is proportional to frequency and inversely proportional to wavelength. The longer 
the wavelength, the lower the energy. Microwave photons have a wavelength in the range of 
10°? m, which is longer than that of infrared photons (on the order of 10 ? m). Thus, mi- 
crowave radiation is lower in energy than infrared radiation, and the separation between rota- 
tional energy levels (measured by microwave) is less than the separation between vibrational 
energy levels (measured by infrared). 

(b) Absorption of a photon occurs only when its energy matches the energy difference between 
two adjacent energy levels in a molecule. Microwave photons have energies that match the 
differences between the rotational energy levels of water. They are not sufficiently high in en- 
ergy to excite a water molecule to a higher vibrational or electronic energy state. 


A shift in the UV-Vis spectrum of acetone from 279 nm in hexane to 262 nm in water is a shift to 
shorter wavelength on going from a less polar solvent to a more polar one. This means that the en- 
ergy difference between the starting electronic state (the ground state, n) and the excited electronic 
state (77*) is greater in water than in hexane. Hexane as a solvent does not interact appreciably with 
either the ground or the excited state of acetone. Water is polar and solvates the ground state of ace- 
tone, lowering its energy. Because the energy gap between the ground state and the excited state in- 
creases, it must mean that the ground state is more solvated than the excited state and therefore more 
polar than the excited state. 
T* T* 
Ground state 
AE more solvated 


AE’ 
EN а 
"Pi Bede n 
Acetone in hexane Acetone in water 


The dipole moment of carbon dioxide is zero and does not change during the symmetric stretching 
vibration. The symmetric stretch is not “infrared-active.” The antisymmetric stretch generates a di- 
pole moment in carbon dioxide and is infrared-active. 


< > > > 
Symmetric stretch: no change in Antisymmetric stretch: dipole moment present 
dipole moment as a result of unequal C—O bond distances 


Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man- 
ual. You should use Learning By Modeling for these exercises. 


PART A 


А-1. Complete the following table relating to ЇН NMR spectra by supplying the missing data for 
entries | through 4. 


Spectrometer Chemical shift 
frequency ppm Hz 
(b) 300 MHz 4.35 | 
9 кл 3.50 700 
(4) 100 MHz == of TMS 


SPECTROSCOPY 


A-2. 


339 


Indicate the number of signals to be expected and the multiplicity of each in the 'H NMR 


spectrum of each of the following substances: 


(a) BrCH,CH,CH,Br 
CI 

(b) uen СИН; 
а 
О 

(с) COH COSE 


Two isomeric compounds having the molecular formula C,H,,0, both gave ЇН NMR spec- 


tra consisting of only two singlets. Given the chemical shifts and integrations shown, iden- 


Compound В: д 1.20 ppm (9H) 
6 3.70 ppm (3H) 


Identify each of the following compounds on the basis of the IR and 'Н NMR information 


1710 cm! 

6 1.0 ppm (triplet, 3H) 

6 2.4 ppm (quartet, 2H) 
6 3.6 ppm (singlet, 2H) 
6 7.2 ppm (singlet, 5H) 
3400 стт! 

6 1.2 ppm (singlet, 12H) 
6 2.0 ppm (broad singlet, 2H) 
1740 стт! 

6 1.3 ppm (triplet, 9H) 

6 4.2 ppm (quartet, 6H) 
6 4.4 ppm (singlet, 1H) 
2240 cm! 

3400 ст“ ! (broad) 

6 1.65 ppm (singlet, 6H) 
6 3.7 ppm (singlet, 1H) 


Predict the number of signals and their approximate chemical shifts in the PC NMR spec- 


О 
| 


How many signals will appear in the ^C NMR spectrum of each of the three C;H,, 


The PC NMR spectrum of an alkane of molecular formula СН, exhibits two signals at 


6 23 ppm (4C) and 37 ppm (2C). What is the structure of this alkane? 


A-3. 
tify both compounds. 
Compound A: 6 1.45 ppm (9H) 
6 1.95 ppm (3H) 
А-4. 
provided 
(a) СНО: IR: 
NMR: 
(b CH,,0,: IR: 
NMR: 
(c) Собе: IR: 
NMR: 
(d) C,H,NO: IR: 
NMR: 
A-5. 
trum of the compound shown. 
A-6. 
isomers? 
A-T. 
PART B 


The following three problems refer to the ЇН NMR spectrum of CH,CH,OCH,OCH,CH;,. 


B-1. 


(a) 12 (b) 5 


B-2. 
(a) Singlet 
(b) Triplet 


How many signals are expected? 


(с) 4 (4) 3 


The signal farthest downfield (relative to TMS) will be a 
(c) Doublet 
(d) Quartet 
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B-4. 


B-5. 


B-6. 


B-8. 


B-9. 


SPECTROSCOPY 


The signal farthest upfield (closest to TMS) will be a 
(a) Singlet (c) Doublet 
(b) Triplet (d) Quartet 


The relationship between magnetic field strength and the energy difference between nuclear 
spin states is 

(a) They are independent of each other. 

(b) They are directly proportional. 

(c) They are inversely proportional. 

(d) Therelationship varies from molecule to molecule. 


An infrared spectrum exhibits a broad band in the 3000—3500-cm “' region and a strong peak 
at 1710 ст !. Which of the following substances best fits the data? 


О 
|| 
(а) C,H,CH,CH,OH (c) C,H,CH,CCH, 
|| T 
(b  C,H,CH,COH (d) C,H,CH,COCH, 


Considering the 'H NMR spectrum of the following substance, which set of protons appears 
farthest downfield relative to TMS? 


{_Уу—оснссн„, 


b с 


а 


Which of the following substances does not give а ЇН NMR spectrum consisting of only two 
peaks? 


CH, 
(a) Tm Nn (c) ne Son, 
бн, 
Вг Вг 
(b) ПН t ce (d) None of these 
18 CH, (all satisfy the spectrum) 


The multiplicity of the a protons in the 'H NMR spectrum of the following substance is 


|| 
(CH,),CCH,Cl 
b 


a 
(a) Singlet (b) Doublet (c) Triplet (d) Quartet 


An unknown compound С,Н,О gave a strong infrared absorption at 1710 ст '. The "C 
NMR spectrum exhibited four peaks at 5 9, 29, 37, and 209 ppm. The ‘Н NMR spectrum had 
three signals at 6 1.1 (triplet), 2.1 (singlet), and 2.3 (quartet) ppm. Which, if any, of the fol- 
lowing compounds is the unknown? 


H 
bou de d N ( \ None of these 
O OH O O 


(a) (5) (с) (4) (е) 
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B-10. 


B-11. 


B-12. 


B-13. 


B-14. 


How many signals are expected in the ^C NMR spectrum of the following substance? 


(a) 5 (р) 6 (c) 8 (d) 10 


Which one of the following has the greatest number of signals in its "C NMR spectrum? 
(The spectrum is run under conditions in which splitting due to ^C—'H coupling is not 
Observed.) 

(a) Hexane (c) 1-Нехепе (e) 1,5-Hexadiene 

(b) 2-Methylpentane (d)  cis-3-Hexene 


Which of the following C,H,, isomers has the fewest signals in its ^C NMR spectrum? 


Q- О O 4 
(a) (5) (с) 


(d) 
Which of the following compounds would best fit a ^C NMR spectrum having peaks at ô 16, 
21, 32, 36, 115, and 140 ppm? 


(а) Lc а (С) uU а 


(b) Pda d (d) Y^ 


Which of the following compounds would have the fewest peaks in its "^C NMR spectrum? 
CI Cl Cl Cl Cl 
Cl | Вг С1 i Br 
Cl Br 


(a) (b) (c) (d) (e) 


. Which of the compounds in the previous problem would have the most peaks in its ЗС NMR 


spectrum? 


CHAPTER 14 
ORGANOMETALLIC COMPOUNDS 


SOLUTIONS TO TEXT PROBLEMS 


14.1 (b) Magnesium bears a cyclohexyl substituent and a chlorine. Chlorine is named as an anion. The 
compound is cyclohexylmagnesium chloride. 


14.2 (b) The alkyl bromide precursor to sec-butyllithium must be sec-butyl bromide. 


CH,CHCH,CH, + LiBr 


сыны + 214 | 


Вг Li 
2-Bromobutane 1-Methylpropyllithium 
(sec-butyl bromide) (sec-butyllithium) 


14.3 (b) Allyl chloride is converted to allylmagnesium chloride on reaction with magnesium. 


Mg 


H,C=CHCH,Cl “diethyl ether H,C=CHCH,MgCl 


Allyl chloride Allylmagnesium chloride 


(c) The carbon-iodine bond of iodocyclobutane is replaced by a carbon—magnesium bond in the 
Grignard reagent. 


I Mel 
[f si Bi 
——————— 
diethyl ether 
Iodocyclobutane Cyclobutylmagnesium 
iodide 
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(d) Bromine is attached to ап sp*-hybridized carbon in 1-bromocyclohexene. The product of its 
reaction with magnesium has a carbon—magnesium bond in place of the carbon—bromine 


bond. 
Br MgBr 
Mg 
CY diethyl ether СТ 


1-Bromocyclohexene 1-Cyclohexenylmagnesium 
bromide 


14.4 (b)  1-Hexanol will protonate butyllithium because its hydroxyl group is a proton donor опу 


slightly less acidic than water. This proton-transfer reaction could be used to prepare lithium 
1-hexanolate. 


CH,CH,CH,CH,CH,CH,OH + CH,CH,CH,CH,Li 


CH,CH,CH,CH, + CH,CH,CH,CH,CH,CH,OLi 


1-Hexanol Butyllithium Butane Lithium 1-hexanolate 


(с) The proton donor here is benzenethiol. 


C,H,SH + CH,CH,CH,CH,Li 


CH,CH,CH,CH, + СЕНАТА 


Benzenethiol Butyllithium Butane Lithium 
benzenethiolate 


14.5 (b) Propylmagnesium bromide reacts with benzaldehyde by addition to the carbonyl group. 


CH4CH,CH, ;-MgBr 


CH,CH,CH, 
diethyl ether H4O* 
акта ——— лш ? инн 
H H OH 


1-Phenyl-1-butanol 


(c) Tertiary alcohols result from the reaction of Grignard reagents and ketones. 


H.CH.CH.MeB 1. diethyl ether CH,CH,CH, 
CH,CH,CH,MgBr + О т иЕвр a 


1-Propylcyclohexanol 


(d) The starting material is a ketone and so reacts with a Grignard reagent to give a tertiary 
alcohol. 


CH,CH,CH,—MgBr 


Не CH,CH,CH, CH, 
AUN e. diethyl ether H,0* | 
Х=0 7. HC—C—OMgBr CH,CH,CH,COH 
| | 
CH;CH, CH,CH, CH,CH, 
Propylmagnesium bromide 3-Methyl-3-hexanol 


t 2-butanone 
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14.6 Ethyl anion reacts as a Brgnsted base to remove a proton from the alkyne. The proton at C-1 is 
removed because it is the most acidic, having a pK, of approximately 25. 


CH,CH, + :C=CCH,CH,CH,CH, 


L N A 
CH,CH, + H-“C=CCH,CH,CH,CH, 
Ethyl anion 1-Hexyne Ethane Conjugate base of 1-hexyne 


147 (b) The target alcohol is tertiary and so is prepared by addition of a Grignard reagent to a ketone. 
The retrosynthetic transformations are: 


OH 


| 
CH,—C—CH, 


1 
C—CH, i о 
pd CY и У © + CH,CCH, 


Because two of the alkyl groups on the hydroxyl-bearing carbon are the same (methyl), only 
two, not three,different ketones are possible starting materials: 


О OH 
CH.Mel 4 ion 1. diethyl ether ler 
n o 
3MBg з оңо" | 3 
CH, 
Methylmagnesium Acetophenone 2-Phenyl-2-propanol 
iodide 
O OH 
| 1. diethyl ether | 
MgBr + CH,CCH, =. CCH, 
2. HO | 
CH, 
Phenylmagnesium Acetone 2-Phenyl-2-propanol 
bromide 


14.8 (b) Recall that the two identical groups bonded to the hydroxyl-bearing carbon of the alcohol 
arose from the Grignard reagent. That leads to the following retrosynthetic analysis: 


сос > [te + 2C.H,MgX 
OH Ó 


Thus, the two phenyl substituents arise by addition of a phenyl Grignard reagent to an ester of 
cyclopropanecarboxylic acid. 


| | 1. diethyl ether 


2С,Н,МеВг + СОСН, an Сну + CH,OH 
“НУ 
OH 
Phenylmagnesium Methyl Cyclopropyl- Methanol 
bromide cyclopropanecarboxylate diphenylmethanol 


14.9 (b) Of the three methyl groups of 1,3,3-trimethylcyclopentene, only the one connected to the 
double bond can be attached by way of an organocuprate reagent. Attachment of either of 


14.10 


14.11 


14.12 


14.13 
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the other methyls would involve a tertiary carbon, a process that does not occur very 


efficiently. 
А CH, diethyl ether CH, 
LiCu(CH,), + —— 
CH, CH, 
Br H,C 
Lithium 1-Bromo-3,3- 1,3,3-Trimethylcyclopentene 
dimethylcuprate dimethylcyclopentene 


(b) Methylenecyclobutane is the appropriate precursor to the spirohexane shown. 


CH, 
па aa 
Zn(Cu), ether 


Methylenecyclobutane Spiro[3.2]hexane (22%) 


Syn addition of dibromocarbene to cis-2-butene yields a cyclopropane derivative in which the 
methyl groups are cis. 


Br Br 
Н.С CH У 
= ср. э CH 
С. KOC(CH;); X SETTE. 3 
H H H H 
cis-2-Butene cis-1,1-Dibromo-2,3- 
dimethylcyclopropane 


Conversely, the methyl groups in the cyclopropane derivative of trans-2-butene are trans to one 
another. 


Br Br 
H,C H 5 
N / CHBr, 
ATN KOC(CH,)3 Н.С КЫА H 
H CH, н Сн, 
trans-2-Butene trans-1,1-Dibromo-2,3- 
dimethylcyclopropane 


Iron has an atomic number of 26 and an electron configuration of [Ar]4s?3d$. Thus, it has 8 valence 
electrons and requires 10 more to satisfy the 18-electron rule. Five CO ligands, each providing two 
electrons, are therefore needed. The compound is Ее(СО).. 


(a) Cyclopentyllithium is 


H Li 


It has a carbon-lithium bond. It satisfies the requirement for classification as an organo- 
metallic compound. 

(b) Ethoxymagnesium chloride does not have a carbon—metal bond. It is not an organometallic 
compound. 


CH,CH,OMgCl ог  CH,CH,O Ма“ СГ 


(c) 2-Phenylethylmagnesium iodide is an example of a Grignard reagent. It is an organometallic 


compound. 
{_у—снснмы 
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(d) Lithium divinylcuprate has two vinyl groups bonded to copper. It is an organometallic 
compound. 


Li*(H,C=CH—Cu—CH=CH,) 


(e) Sodium carbonate, Na,CO, can be represented by the Lewis structure. 


а tines 
Ма" :0—C—0: ма" 


There is по carbon—metal bond, and sodium carbonate is not an organometallic compound. 
(f) Benzylpotassium is represented as 


( Усик or {Ув E 


It has a carbon-potassium bond and thus is an organometallic compound. 


The two alkyl groups attached to aluminum in [(CH4),CHCH, |; AlH are isobutyl groups. The hy- 
drogen bonded to aluminum is named in a separate word as hydride. Thus, “dibal” is a shortened 
form of the systematic name diisobutylaluminum hydride. 


(a) Grignard reagents such as pentylmagnesium iodide are prepared by reaction of magnesium 
with the corresponding alkyl halide. 


diethyl ether 
CH,CH,CH,CH,CH,I + Mg S,  CH,CH,CH,CH,CH,MegI 


1-Iodopentane Pentylmagnesium iodide 


(b)  Acetylenic Grignard reagents are normally prepared by reaction of a terminal alkyne with a 
readily available Grignard reagent such as an ethylmagnesium halide. The reaction that takes 
place is an acid—base reaction in which the terminal alkyne acts as a proton donor. 


diethyl ether 
CH,CH,C=CH + CH,CH,Mgl = “+ CH,CH,C=CMel + CH,CH, 


1-Butyne Ethylmagnesium 1-Butynylmagnesium Ethane 
iodide iodide 


(c)  Alkyllithiums are formed by reaction of lithium with an alkyl halide. 


CH,CH,CH,CH,CH,X + 2Li 


CH,CH,CH,CH,CH,Li + LiX 


1-Halopentane Pentyllithium 
(X = Cl, Br, or I) 


(d) Lithium dialkylcuprates arise by the reaction of an alkyllithium with a Саб) salt. 


2CH,CH,CH,CH,CH,Li + CuX = LiCu(CH,CH,CH,CH,CH,), + LiX 


Pentyllithium, from part (c) (X = Cl, Br, or I) Lithium dipentylcuprate 


The polarity of a covalent bond increases with an increase in the electronegativity difference be- 
tween the connected atoms. Carbon has an electronegativity of 2.5 (Table 14.1). Metals are less elec- 
tronegative than carbon. When comparing two metals, the less electronegative one therefore has the 
more polar bond to carbon. 


(a) Table 14.1 gives the electronegativity of lithium as 1.0, whereas that for aluminum is 1.5. The 
carbon-lithium bond in CH4CH,Li is more polar than the carbon-aluminum bond in 
(СН,СН,),АІ. 
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(b) The electronegativity of magnesium (1.2) is less than that of zinc (1.6). (CH,),Mg therefore 
has a more polar carbon—metal bond than (CH;),Zn. 

(c) In this part of the problem two Grignard reagents are compared. Magnesium is the metal in 
both cases. The difference is the hybridization state of carbon. The sp-hybridized carbon in 
HC=CMsgBr is more electronegative than the sp*-hybridized carbon in CH,CH,MgBr, and 
НС==СМоВ! has a more polar carbon-magnesium bond. 


diethyl ether 
= 


14.17 (а) CH,CH,CH,Br + 214 CH,CH,CH,Li + LiBr 
1-Bromopropane Propyllithium 
diethyl ether 
(D CH,CH,CH,Br + Mg  ————— — CH,CH,CH)MgBr 
1-Bromopropane Propylmagnesium bromide 
Е diethyl ether А 
(с) с +2 ————— сы нен. + Lil 
I Li 
2-Iodopropane Isopropyllithium 
diethyl ether 
(d) єн + Мр A Е 
I Mel 
2-Iodopropane Isopropylmagnesium 
iodide 
(€) 2CH,CH,CH,Li + Cul (CH,CH,CH,),CuLi 
Propyllithium Lithium dipropylcuprate 
(f) (CH,CH,CH,),CuLi + CH,CH,CH,CH,Br CH,CH,CH,CH,CH,CH,CH, 


Lithium dipropylcuprate 


1-Bromobutane 


Heptane 


I CH,CH,CH, 
© mawn CY — СУ 


Lithium dipropylcuprate Iodobenzene Propylbenzene 
DO 
(h) CH,CH,CH,MgBr us CH,CH,CH,D 
Propylmagnesium 1-Deuteriopropane 
bromide 
] DO 
(i) oe, T снн, 
Li D 
Isopropyllithium 2-Deuteriopropane 
E i | 1. diethyl ether 
(J) CH,CH,CH,i + HCH > CH,CH,CH,CH,OH 
2. Н.О 
Propyllithium 1-Butanol 
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(k) 


(0) 


(т) 


(n) 


(o) 


(p) 


(q) 


(r) 


О 
| 
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1. diethyl ether 
> 


CH,CH,CH,MgBr + \ сн 


ET {_у—снснсңсн, 


OH 
]-Phenyl-1-butanol 


1. diethyl ether 


Propylmagnesium Benzaldehyde 
bromide 
CH,CHCH, + 
Li 
Isopropyllithium Cycloheptanone 
| 
асна + CH,CCH,CH, 
Mgl 
Isopropyl- 2-Butanone 
magnesium iodide 


| 
2CH,CH,CH,MgBr + C,H,COCH, 


2. H,0* 


(CH,),CH OH 


1-Isopropylcycloheptanol 


OH 


1. diethyl ether | 


CH,CH—CCH,CH, 


2. Н.О+ | | 


CH, CH, 


2,3-Dimethyl-3-pentanol 


OH 


1. diethyl ether | 
C,H,C(CH,CH,CH,), + CH,OH 


2. HO* 
Propylmagnesium Methyl benzoate 4-Phenyl-4-heptanol Methanol 
bromide 
CH, 
= > 225 
HLC—CH(CH,.CH, ушул" HAS f H(CH)&CH, 
CH, 
1-Octene 1-Cyclopropylhexane 
Н.С H 
Nec СНЫ, нс» Мын 


P EE 
H (CH,),CH, 


(E)-2-Decene 


шг = :$. 
Zn(Cu), diethyl ether 


н (CH,),CH, 


trans-1-Heptyl-2- 


methylcyclopropane 
CH,CH (CH,);CH 
E АЫ сны, CH,CH,» J \-0(CH,),CH, 
VA m Zn(Cu), diethyl ether = e 
H “н н H 


(Z)-3-Decene 


CHBr, 
H,C=CHCH,CH,CH, 


1-Pentene 


— 
KOC(CH,), 


cis-1-Ethyl-2-hexyl- 
cyclopropane 


Br Br 


He УуаСН,СН,СН, 
H H 


1,1-Dibromo-2-propylcyclopropane 


In the solutions to this problem, the Grignard reagent butyImagnesium bromide is used. In each case 
the use of butyllithium would be equally satisfactory. 
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(a) 1-Pentanol is a primary alcohol having one more carbon atom than 1-bromobutane. Retrosyn- 
thetic analysis suggests the reaction of a Grignard reagent with formaldehyde. 


CH,CH,CH,CH,-+CH,OH m CH,CH,CH,CH,MgX + H,C=O 


1-Pentanol Butylmagnesium halide Formaldehyde 


An appropriate synthetic scheme is 


О 
Mg 1 нін 
CH,CH,CH,CHjBr z^ СН:СН,СН,СН,МеВг —но-® CH,CH,CH,CH,CH,OH 
1-Bromobutane Butylmagnesium bromide 1-Pentanol 


(b) 2-Hexanol is a secondary alcohol having two more carbon atoms than 1-bromobutane. As re- 
vealed by retrosynthetic analysis, it may be prepared by reaction of ethanal (acetaldehyde) 
with butylmagnesium bromide. 


| 
CINCH CHC оек > CH,CH,CH,CH,MgX + CH,CH 


OH 
2-Hexanol Butylmagnesium halide Ethanal 
(acetaldehyde) 
The correct reaction sequence is 
| 
Mg 1. CH,CH 
CH,CH,CH,CH,Br ius" CHsCH,CH,CH,MgBr о з; 
OH 
1-Bromobutane Butylmagnesium bromide 2-Hexanol 


(с)  1-Phenyl-1-pentanol is a secondary alcohol. Disconnection suggests that it can be prepared 
from butylmagnesium bromide and an aldehyde; benzaldehyde is the appropriate aldehyde. 


О 
|| 
сњењенсн.сн-( > CH,CH,CH,CH,MgX + CH 


OH 
1-Phenyl-1-pentanol Butylmagnesium halide Benzaldehyde 
O 
CH,CH,CH,CH,MgBr + C \- d TE {У снсњснснесн, 
| он 
Butylmagnesium bromide Benzaldehyde 1-Phenyl-1-pentanol 


(d) The target molecule 3-methyl-3-heptanol has the structure 


а 
OH 
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By retrosynthetically disconnecting the butyl group from the carbon that bears the hydroxy] 
substituent, we see that the appropriate starting ketone is 2-butanone. 


CH, CH, 
CH,CH;CH;CH-+C—CH;CH, Er CH,CH,CH,CH,MgX + jenen, 
ÓH M 
Butylmagnesium halide 2-Butanone 
Therefore 
CH, 
CH,CH,CH,CH,MgBr + сне 5 = о. 
бн 
Butylmagnesium bromide 2-Butanone 3-Methyl-3-heptanol 


(e)  1-Butylcyclobutanol is a tertiary alcohol. The appropriate ketone is cyclobutanone. 


O OH 
1. diethyl ether EL. CH,CH,CH,CH, 
=» 
CH,CH,CH,CH,MgBr_ + ЛЕТЕ 
Butylmagnesium bromide Cyclobutanone 1-Butylcyclobutanol 


14.19 In each part of this problem in which there is a change in the carbon skeleton, disconnect the phenyl 
group of the product to reveal the aldehyde or ketone precursor that reacts with the Grignard reagent 
derived from bromobenzene. Recall that reaction of a Grignard reagent with formaldehyde 
(H5C —O) yields a primary alcohol, reaction with an aldehyde (other than formaldehyde) yields а 
secondary alcohol, and reaction with a ketone yields a tertiary alcohol. 


(a) Conversion of bromobenzene to benzyl alcohol requires formation of the corresponding 
Grignard reagent and its reaction with formaldehyde. Retrosynthetically, this can be seen as 


€ tenon » Ум + H,C=O 


Therefore, 
Br MgBr T CH,OH 
Mg 1. HCH 
diethyl ether 2. HO* 
Bromobenzene Phenylmagnesium Benzyl alcohol 


bromide 


(b) The product is a secondary alcohol and is formed by reaction of phenylmagnesium bromide 
with hexanal. 


[e 
| 
Mu = € S vex + HC(CH,),CH, 
OH 


1-Phenyl-1-hexanol Phenylmagnesium Hexanal 
halide 
ris 
MgBr О CHCH,CH,CH,CH,CH, 
| | 1. diethyl ether 
+ CH,CH,CH,CH,CH,CH оңо” 
Phenylmagnesium Hexanal 1-Phenyl-1-hexanol 


bromide 
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(c) Тһе desired product is a secondary alkyl bromide. A reasonable synthesis would be to first 
prepare the analogous secondary alcohol by reaction of phenylmagnesium bromide with benz- 
aldehyde, followed by a conversion of the alcohol to the bromide. Retrosynthetically this can 
be seen as 


Br OH 


О 
| | | 
C.H,CH—C,H, ^ C.H.CH-+C,H, У C.H.MeX + C,H.CH 
О 
| 1: уйе] еше: ether HBr or HBror REIS 
MgBr + HC ^ зно ie 


Phenylmagnesium Benzaldehyde Diphenylmethanol Bromodiphenylmethane 
bromide 


(d) The target molecule is a tertiary alcohol, which requires that phenylmagnesium bromide react 
with a ketone. By mentally disconnecting the phenyl group from the carbon that bears the 
hydroxyl group, we see that the appropriate ketone is 4-heptanone. 


te || - 
CH,CH,CH,CCH,CH,CH, > CH,CH,CH,CCH,CH,CH, + Q 
4-Phenyl-4-heptanol 4-Heptanone 


The synthesis is therefore 


MgBr I dE 
1. diethyl ether 
E + CH,CH,CH,CCH,CH,CH, =, CH,CH,CH,CCH,CH,CH, 
Phenylmagnesium 4-Heptanone 4-Phenyl-4-heptanol 


bromide 


(e) Reaction of phenylmagnesium bromide with cyclooctanone will give the desired tertiary 


alcohol. 
MgBr 9 1. A. diethyLether. ether 
T 2. Ну эн” 


Phenylmagnesium Cyclooctanone 1-Phenylcyclooctanol 
bromide 


(f) The 1-phenylcyclooctanol prepared in part (e) of this problem can be subjected to acid- 
catalyzed dehydration to give 1-phenylcyclooctene. Hydroboration-oxidation of 1-phenyl- 
cyclooctene gives trans-2-phenylcyclooctanol. 


ВО heat | heat 1. d EH 00 
5 н.о, но” H50,, НО" 


1-Phenylcyclooctanol 1-Phenylcyclooctene trans-2-Phenylcyclooctanol 
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In these problems the principles of retrosynthetic analysis are applied. The alkyl groups attached to 
the carbon that bears the hydroxyl group are mentally disconnected to reveal the Grignard reagent 
and carbonyl compound. 


а) (2) 
(a) CEG енене; 


OH 
5-Methyl-3-hexanol 


E x 


CH,CH,MgX + мнени снн + XMgCH,CH(CH,), 
О О 
Ethylmagnesium 3-Methylbutanal Propanal Isobutylmagnesium 
halide halide 


(b) 
a) (2) 
> СНУ єє OCH, 
| rr 
OH 


1-Cyclopropyl-1-(p-anisyl)methanol 


[^—MgX + нс( ос, н + хм,—{_}у—осн, 
О 


| 
Ó 


Cyclopropyl- p-Anisaldehyde Cyclopropane- p-Anisylmagnesium 
magnesium halide carbaldehyde halide 


|| 
(c) (CH,);C-+-CH,OH >  (CH,),CMgX + HCH 


2,2-Dimethyl-1-propanol tert-Butylmagnesium Formaldehyde 
halide 
(d) 
(1) (2) 
CECE Носна 
OH 
6-Methyl-5-hepten-2-ol 

(CH,),;C=CHCH,CH,MgX + HOCH, (CH,),C=CHCH,CH,CH + ХМесн, 
4-Methyl-3-hexen-1-ylmagnesium Ethanal 5-Methyl-4-hexenal Methylmagnesium 

halide halide 
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(e) 


14.21 (a) 


(b) 


а) 
SOM x Jo ios 
з) | © m р ВА t (у 


OH 
4-Ethyl-4-octanol 


Propylmagnesium halide 3-Heptanone 


© < 


оне ада РЕЧ 
о + ХМр ^v ~ 


О 5 


4-Остапопе Ethylmagnesium 3-Hexanone Butylmagnesium 
halide halide 


Meparfynol is a tertiary alcohol and so can be prepared by addition of a carbanionic species to 
a ketone. Use the same reasoning that applies to the synthesis of alcohols from Grignard 
reagents. On mentally disconnecting one of the bonds to the carbon bearing the hydroxyl 


group 


OH 
| ^P. 

MESE ee ME :СЕЕСН 
CH, CH, 


we see that the addition of acetylide ion to 2-butanone will provide the target molecule. 


OH 
| 1. NH, | 
HC==CNa + СН.СН.ССН, — > DH COR 
Ну 
CH, 
Sodium 2-Butanone Meparfynol (94%) 


acetylide 


The alternative, reaction of a Grignard reagent with an alkynyl ketone, is not acceptable in this 
case. The acidic terminal alkyne C—H would transfer a proton to the Grignard reagent. 
Diphepanol is a tertiary alcohol and so may be prepared by reaction of a Grignard or organo- 
lithium reagent with a ketone. Retrosynthetically, two possibilities seem reasonable: 


CH, CH, 
снн У СН: + сноси У 
пред | 
апа 
CH, CH, 


| | 
оа: ) > (C4Hj,C—0 + 3CH—N у 


OH 
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In principle either strategy is acceptable; in practice the one involving phenylmagnesium 
bromide is used. 


p ® fis г 
C,H,MgBr + сен oe (носон 

О ОН 
Phenylmagnesium Diphepanol 


bromide 


(c)  Areasonable last step in the synthesis of mestranol is the addition of sodium acetylide to the 
ketone shown. 


Shields top face e 
O 


Н.С н,с9Нс=сн 
! | ~ 
1. NaC—CH, NH, 
2. H40* 
CH;O CH;O 
Mestranol 


Acetylide anion adds to the carbonyl from the less sterically hindered side. The methyl group 
shields the top face of the carbonyl, and so acetylide adds from the bottom. 


14.22 (a) Sodium acetylide adds to ketones to give tertiary alcohols. 


O OH 
| 1. liquid ammonia | 
С + NaC=CH Ы > C 
2. Н.О | 
C=CH 
Benzophenone 1,1-Diphenyl-2-propyn-1-ol 
(5096) 


(b) The substrate is a ketone, which reacts with ethyllithium to yield a tertiary alcohol. 


1. diethyl ether 


+ CH,CH,i 2 
2. Н.О 


CH,CH, 
9 OH 
2-Adamantanone 2-Ethyl-2-adamantanol (83%) 


(c) The first step is conversion of bromocyclopentene to the corresponding Grignard reagent, 
which then reacts with formaldehyde to give a primary alcohol. 


| 
pa Mg ga 1. HCH ‘ao 
—— EUG ER EEG 
Br THE MgBr 2. HO CH,OH 
1-Bromocyclopentene 1-Cyclopentenylmagnesium 1-Cyclopentenylmethanol 
bromide (53%) 
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(d) The reaction is one in which an alkene is converted to a cyclopropane through use of the 
Simmons-Smith reagent, iodomethylzinc iodide. 


CH,CH=CH, CH,—] 
22 
Ид. CY 


diethyl ether 


Allylbenzene Benzylcyclopropane (64%) 


(e) Methylene transfer using the Simmons-Smith reagent is stereospecific. The trans arrangement 
of substituents in the alkene is carried over to the cyclopropane product. 


№ == с^ | нь \ «CH, 
РА N CH, Som 
CH, H "Zn(Cu), ether и CH, H 


(E)-1-Phenyl-2-butene trans-1-Benzyl-2-methylcyclopropane 


(5096) 


(f) Lithium dimethylcuprate transfers a methyl group, which substitutes for iodine on the 
iodoalkene. Even halogens on sp^-hybridized carbon are reactive in substitution reactions 


with lithium dialkylcuprates. 
ny 


I 
C 2 3 + LiCu(CH,), 


CH,O CH,O 


2-Iodo-8-methoxybenzonorbornadiene 8-Methoxy-2-methylbenzonorbornadiene 


(73%) 


(g) The starting material is a p-toluenesulfonate ester. p-Toluenesulfonates are similar to alkyl 


halides in their reactivity. Substitution occurs; a butyl group from lithium dibutylcuprate 
replaces p-toluenesulfonate. 


| 
сњо} CH, CH,CH,CH,CH,CH, 
| | О + LiCu(CH,CH,CH,CH;), / \ 
О О 
(3-Furyl)methyl p-toluenesulfonate Lithium dibutylcuprate 3-Pentylfuran 


14.23 Phenylmagnesium bromide reacts with 4-tert-butylcyclohexanone as shown. 


C(CH;), у C(CH,), 
1. CSH;MgBr, diethyl ether 
"e d "201 


HO 


4-tert-Butylcyclohexanone 4-tert-Butyl-1-phenylcyclohexanol 


The phenyl substituent can be introduced either cis or trans to the tert-butyl group. The two alcohols 
are therefore stereoisomers (diastereomers). 
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Dehydration of either alcohol yields 4-tert-butyl-1-phenylcyclohexene. 


Е H H 
ји C(CH;), - > C(CH;), Н“, heat * C(CH,), 
C,H, N HO < 
ОН CH, CH; 


4-tert-Butyl-1-phenylcyclohexene 


14.24 (a) By working through the sequence of reactions that occur when ethyl formate reacts with a 
Grignard reagent, we can see that this combination leads to secondary alcohols. 


| 1. RMgX, diethyl ether 
RCH + CH,CH,OMgX ———— ———— RCHR 


|| 
RMgX + HCOCH,CH, 


2. H,0* | 
OH 
Grignard Ethyl formate Aldehyde Secondary 
reagent alcohol 


This is simply because the substituent on the carbonyl carbon of the ester, in this case a 
hydrogen, is carried through and becomes a substituent on the hydroxyl-bearing carbon of the 
alcohol. 

(b) Diethyl carbonate has the potential to react with 3 moles of a Grignard reagent. 


| 
RCOCH,CH, + CH,CH,OMgX 


|| 
RMgX + CH,CH,OCOCH,CH, 


Grignard Diethyl Ester 
reagent carbonate 
RMgX 
1 | 
1. RMgX 
к zuo-- КСК + CH,CH,OMgX 
OH 
Tertiary alcohol Ketone 


The tertiary alcohols that are formed by the reaction of diethyl carbonate with Grignard 
reagents have three identical R groups attached to the carbon that bears the hydroxyl 
substituent. 


14.25 If we use the 2-bromobutane given, along with the information that the reaction occurs with net 
inversion of configuration, the stereochemical course of the reaction may be written as 


CH,CH, CH; H 
f «n LiCu(C,H,), / сен; 
сн ——— СНС 
УЖ 
Вг CH,CH, Н 


The phenyl group becomes bonded to carbon from the opposite side of the leaving group. 
Applying the Cahn-Ingold-Prelog notational system described in Section 7.6 to the product, the 
order of decreasing precedence is 


C,H; > CH,CH, > CH, > H 
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Orienting the molecule so that the lowest ranked substituent (H) is away from us, we see that the 
order of decreasing precedence is clockwise. 


C HH; 
Н.С ~CH,CH, 
лын à 


The absolute configuration is R. 


14.26 The substrates are secondary alkyl p-toluenesulfonates, and so we expect elimination to compete 
with substitution. Compound B is formed in both reactions and has the molecular formula of 
4-tert-butylcyclohexene. Because the two p-toluenesulfonates are diastereomers, it is likely that 
compounds A and C, especially since they have the same molecular formula, are also diastereomers. 
Assuming that the substitution reactions proceed with inversion of configuration, we conclude that 
the products are as shown. 


CH, 
с ee Lg + 
(CH,),C (CH,),C 
(CH,),C 
trans-A-tert-Butylcyclohexyl cis-1-tert-Butyl-4-methylcyclohexane 4-tert-Butylcyclohexene 
p-toluenesulfonate (compound A, C,,H5;) (compound В, СН) 
OTs 
m LiCu(CH;), К Козы А. j: 
(СНС (СНС 
(СНС 
cis-A-tert-Butylcyclohexyl trans-l-tert-Butyl-4-methylcyclohexane Compound B 
p-toluenesulfonate (compound С, С, На») 


Inversion of configuration is borne out by the fact given in the problem that compound С is more 
stable than compound A. Both substituents are equatorial in C; the methyl group is axial in A. 


14.27 Weare told in the statement of the problem that the first step is conversion of the alcohol to the cor- 
responding p-toluenesulfonate. This step is carried out as follows: 


CH, 
PES 1 — 
О OH O OTs 


SO,Cl 
3,8-Epoxy-1-undecanol p-Toluenesulfonyl 3,8-Epoxyundecyl 
chloride (TsCl) p-toluenesulfonate 


Alkyl p-toluenesulfonates react with lithium dialkylcuprates in the same way that alkyl halides do. 
Treatment of the preceding p-toluenesulfonate with lithium dibutylcuprate gives the desired 
compound. 


Fu — РЕ 
> 
О ОТ$ О 


3,8-Epoxyundecyl 4,9-Epoxypentadecane 
p-toluenesulfonate 
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As actually performed, a 91% yield of the desired product was obtained in the reaction of the 
p-toluenesulfonate with lithium dibutylcuprate. 


14.28 (а) The desired 1-deuteriobutane can be obtained by reaction of D,O with butyllithium or butyl- 
magnesium bromide. 
CH,CH,CH,CH,Li + D,O — 


Butyllithium Deuterium 
oxide 


CH,CH,CH,CH,D 


or А 
1-Deuteriobutane 


CH,CH,CH,CH,MgBr + D,O — 


Butylmagnesium 
bromide 


Preparation of the organometallic compounds requires an alkyl bromide, which is synthesized 
from the corresponding alcohol. 


РВг; 
СН,СН,СН,СН,ОН — нь CH,CH,CH,CH,Br 
1-Butanol 1-Bromobutane 
CH,CH,CH,CH,Li ——— CH,CH,CH,CH,Br == CH,CH,CH,CH,MgBr 
Butyllithium 1-Bromobutane Butylmagnesium bromide 


(b) Ina sequence identical to that of part (a) in design but using 2-butanol as the starting mate- 
rial, 2-deuteriobutane may be prepared. 


PBr, DO 


он Remar: CH,CHCH,CH, —==— ноо нец, 
он Вг MgBr D 
2-Butanol 2-Bromobutane sec-Butylmagnesium 2-Deuteriobutane 
bromide 


An analogous procedure involving sec-butyllithium in place of the Grignard reagent can be 
used. 


14.29 АП the protons in benzene are equivalent. In diphenylmethane and in triphenylmethane, protons are 
attached either to the sp^-hybridized carbons of the ring or to the sp*-hybridized carbon between the 
rings. The large difference in acidity between diphenylmethane and benzene suggests that it is not a 
ring proton that is lost on ionization in diphenylmethane but rather a proton from the methylene 


group. 


(C,H;)CH, (CHH + Н? 
Diphenylmethane 


The anion produced is stabilized by resonance. It is a benzylic carbanion. 


O-0—0-0—- 
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Both rings are involved in delocalizing the negative charge. The anion from triphenylmethane is 
stabilized by resonance involving all three rings. 


2] = 
СО one 
Delocalization of the negative charge by resonance is not possible in the anion of benzene. The 
pair of unshared electrons in phenyl anion is in an sp? hybrid orbital that does not interact with the 


т System. 
eto Not delocalized into 7 system 


14.30 The titanium-containing compound is a metallocene. (It has cyclopentadienyl rings as ligands.) With 
an atomic number of 22, titanium has an electron configuration of [Ar]4s?3d". As the following 
accounting shows, this titanium complex is 2 electrons short of satisfying the 18-electron rule. 


Ti: 4electrons 
qu Two cyclopentadienylrings: 10 electrons 


NS "cl Two chlorine atoms: 2 electrons 


4——— etc. 


Total: 16 electrons 


1,3-Butadiene(tricarbonyl)iron satisfies the 18-electron rule. The electron configuration of iron is 
[Ar]4s?3d$. 


Fe: 8 electrons 
нА мн 1,3-Butadiene ligand: 4 electrons 
Hy aN do Three CO ligands: 6 electrons 
оса Total: 18 electrons 


14.31 Using 1-decene as an example, we can see from the following schematic that the growing polymer 
will incorporate a C, side chain at every point where 1-decene replaces ethylene. 


NO. 


5 Ethylene molecules + 1 1-decene molecule Section of linear low-density polyethylene 


14.32-14.36 Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man- 
ual. You should use Learning By Modeling for these exercises. 
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SELF-TEST 
PART A 


A-1. Give a method for the preparation of each of the following organometallic compounds, using 
appropriate starting materials: 
(a)  Cyclohexyllithium 
(b)  tert-Butylmagnesium bromide 
(c) Lithium dibenzylcuprate 


A-2. Give the structure of the product obtained by each of the following reaction schemes: 


О 
1. 2C,H,MgBr i 
(à) CH,CO,CH;CH, зто" == ? (d) : свои. 9 
DM 


| DO KOC(CHj), 9 
(b (CH,),CHCH,Li ? (e) = + CHBr "cou | 


A-3. Give two combinations of an organometallic reagent and a carbonyl compound that may be 
used for the preparation of each of the following: 


үн (н 
(a) C4H,CHC(CHj), (b) CH,CH,CH,CHCH,CH,CH,CH, 


A-4. Gives the structure of the organometallic reagent necessary to carry out each of the following: 


CH, CH, 
? 
1 CH,CH,CH, 


| 
(b C4H,CH,CO,CH, 57> (CH,),CHCCH(CH,), 
CH,C,H, 


CH, CH, 
oO = СЁ 
CH, CH, 
A-5. Compounds A through F are some common organic solvents. Which ones would be suitable 


for use in the preparation of a Grignard reagent? For those that are not suitable, give a brief 
reason why. 


CH,CH,CH,CH,OCH,CH,CH,CH, | CH,OCH,CH,OCH, | HOCH,CH,OH 
A B C 


|| || 
CH,COCH,CH, О CH,COH 
D E F 
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A-6. Show by aseries of chemical equations how you would prepare octane from 1-butanol as the 
source of all its carbon atoms. 


A-7. Synthesis of the following alcohol is possible by three schemes using Grignard reagents. 
Give the reagents necessary to carry out each of them. 


OH 


| 
(CH,),CHC(CH,), 


A-8. Using ethylbenzene and any other necessary organic or inorganic reagents, outline a synthe- 
sis of 3-phenyl-2-butanol. 


A-9. Give the structure of the final product of each of the following sequences of reactions. 


I 
Br, Mg CH,CCH,CH, H,O* 
(a) > > > > 9 
FeBr, £ 


(b)  1-Butene > > > > 7 


NaNH, (Do н.о+ 


(c) CH,C=CH - - > 2 


PART B 


B-1. Which (if any) of the following would not be classified as an organometallic substance? 
(a) Triethylaluminum 
(b) Ethylmagnesium iodide 
(c) Potassium fert-butoxide 
(d) None of these (all are organometallic compounds) 


B-2. Rank the following species in order of increasing polarity of the carbon-metal bond 
(least — most polar): 


CH,CH,MgCl  CH,CH,Na (СН,СН,),АІ 
1 2 3 


Gy 3<1<2 Фу 2<1<3 (с) 1<3<2 (d) 2<3<1 


B-3. Which sequence of reagents would carry out the following conversion? 


CCH Моб, 
OH D 


с 


(a) H,SO,, heat; then В,р,; then Н,О,, НО" 
(b) H,SO,, heat; then D,, Pt 

(c) CH,MgBr; then D,O 

(d) НВг; then Mg; then D,O 


B-4. Arrange the following intermediates in order of decreasing basicity (strongest —> weakest): 
H,C-—CHNa CH,CH,Na CH,CH,ONa HC=CNa 
1 2 3 4 


(a) 2>1>4>3 (c) 3>4>1>2 
b) 4>1>2>3 (d) 3>2>4>1 
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B-5. 


B-6. 


B-8. 
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Which, if any, of the following pairs of reagents could be used to prepare 2-phenyl- 
2-butanol? 


| 
Пон CE 
CH, 


2-Phenyl-2-butanol 
| 
(a) CH,CH,MgBr + C,H,CH,CCH, 


| 
(b CH,CH,MgBr + C,H,CH,CH 


|| 
(c) CH;MglI + C;H;CH;CCH, 
1 
(4) C(H,MgCI + CH,CCH,CH,CH, 
(e) None of these combinations would be effective. 


Which of the following reagents would be effective for the following reaction sequence? 


1.? 


2.н,с=0 
СеНС==сн = C,H,C=CCH,OH 
3. H0 
(a) Sodium ethoxide (c) Butyllithium 
(b) Magnesium in diethyl ether (d) Potassium hydroxide 


What is the product of the following reaction? 


1. diethyl ether 
an + 2CHMgBr L0. 
3, 
O О 


(а) HOCHCHICHCELCHOR. (c) SOC ИН НО 
CH, CH, OH 
iiis 
(b) „о. (d) HOCH CCH HOCH: 
CH, CH, 


Which of the following combinations of reagents will yield a chiral product after hydrolysis 
in aqueous acid? 


О [e 
|| 
(а) 0 я + CHjMgBr (c) CH,CH,COCH, + 2CH,MgBr 
[e 


(b) LA + CH,MgBr (d) Both (a) and (c) 
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B-9. 


B-10. 


B-12. 


Which sequence of steps describes the best synthesis of 2-phenylpropene? 
(a) Benzene + 2-chloropropene, AICI, 
(b) Benzene + propene, H,SO, 


(c) 1. Benzaldehyde (C;H;CH —O) + CH,;CH,MgBr, diethyl ether 
2. ОГ 
3. H,SO,, heat 

(d) 1. Bromobenzene + Mg, diethyl ether 
2. Propanal (СН,СН,СН==0) 
3. В.О 
4. H5SO, heat 

(e) 1. Bromobenzene + Mg, diethyl ether 
2. Acetone [(CH3),C—0)] 
3. H4O* 
4. H,SO,, heat 


What sequence of steps represents the best synthesis of 4-heptanol (CH,CH,CH,),CHOH? 

(a) CH,CH,CH,MgBr (2 mol) + formaldehyde (СН„==О) in diethyl] ether followed by 
H4O* 

(b CH,CH,CH,MgBr + butanal (СН,СН,СН,СН==0) in diethyl ether followed by 
H4O* 

(c) CH,CH,CH,CH,MgBr + acetone [(CH;),C—O] in diethyl ether followed by Н.О* 

(d) (CH,CH,CH,),CHMgBr + formaldehyde (CH,==O) in diethyl ether followed by 
НО” 


| 
(e CH,CH,CH,MgBr + ethyl acetate (CH;COCH,CH; ) in diethyl ether followed by 
H4O* 
All of the following compounds react with ethylmagnesium bromide. Alcohols are formed 
from four of the compounds. Which one does not give an alcohol? 


| | | 
(а) CH (с) COCH, (e) {_у—сноссн, 
| | 
(b) COH (d) CCH, 


Give the major product of the following reaction: 


СНА, Zn(Cu) 
(E)-2-pentene | — —— 


(a) cis-1-Ethyl-2-methylcyclopropane 

(b)  trans-1-Ethyl-2-methylcyclopropane 

(c)  1-Ethyl-1-methylcyclopropane 

(d) An equimolar mixture of products (a) and (b) 


CHAPTER 15 
ALCOHOLS, DIOLS, AND THIOLS 


SOLUTIONS TO TEXT PROBLEMS 


15.1 The two primary alcohols, 1-butanol and 2-methyl-1-propanol, can be prepared by hydrogenation of 
the corresponding aldehydes. 


н, Ni 


|| 
CH,CH,CH,CH ————  CH,CH,CH,CH,OH 


Butanal 1-Butanol 
О 
| | H,, Ni 
(CH,),CHCH (CH,),CHCH,OH 
2-Methylpropanal 2-Methyl-1-propanol 


The secondary alcohol 2-butanol arises by hydrogenation of a ketone. 


| H, Ni 
CH,CCH,CH, - основао 
OH 
2-Butanone 2-Butanol 


Tertiary alcohols such as 2-methyl-2-propanol, (CH,),COH, cannot be prepared by hydrogenation 
of a carbonyl compound. 


15.2 (b) А deuterium atom is transferred from NaBD, to the carbonyl group of acetone. 


D—BD, D D 
| = 3(CH,),C=O | Е 
а сов — к= В 
CH, CH, CH, 


4 
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On reaction with CH,OD, deuterium is transferred from the alcohol to the oxygen of 
[(CH,),CDO],B. 


D D 


| d | В 
CH,C—O-B[OCD(CH;),] CH,COD + оон, 


NE | 


CH, [51 ocu, CH, OCH, 
Overall: 
D 
NaBD, | 
(СНУСЕО —сноь (CH,),;COD 
Acetone 2-Propanol-2-d-O-d 


(c) In this case NaBD, serves as a deuterium donor to carbon, and CD4OH is a proton (not deu- 
terium) donor to oxygen. 


О D 
|| NaBD, | 
C;HCH суон? C;HCHOH 
Benzaldehyde Benzyl alcohol-1-d 


(d) Lithium aluminum deuteride is a deuterium donor to the carbonyl carbon of formaldehyde. 


D—AID, о 
mc HC—OAID ЭНЕН (DCH,O),AI 
H H 


On hydrolysis with D,O, the oxygen—aluminum bond is cleaved and DCH,OD is formed. 


D,O 


A\(OCH,D), 4DCH,OD + AOD), 
Methanol-d-O-d 


15.3 The acyl portion of the ester gives a primary alcohol on reduction. The alkyl group bonded to oxy- 
gen may be primary, secondary, or tertiary and gives the corresponding alcohol. 


O 
| 1. ШАІН, 
CH,CH,COCH(CH;), во CH,CH,CH,OH + HOCH(CH,), 
Isopropyl propanoate 1-Propanol 2-Propanol 


15.4 (b) Reaction with ethylene oxide results in the addition of a —CH,CH,OH unit to the Grignard 
reagent. Cyclohexylmagnesium bromide (or chloride) is the appropriate reagent. 


1. diethyl ether 
[f Mg + нс—сн, т ther 7 сњењон 
Жы 


\/ 
O 


Cyclohexylmagnesium Ethylene oxide 2-Cyclohexylethanol 
bromide 


15.5 Lithium aluminum hydride is the appropriate reagent for reducing carboxylic acids or esters to 
alcohols. 
O 
| 1. LiAIH, 
Nus ас > НО 


CH, CH, 


нос 


3-Methyl-1,5-pentanedioic acid 3-Methyl-1,5-pentanediol 


366 ALCOHOLS, DIOLS, AND THIOLS 


Any alkyl group may be attached to the oxygen of the ester function. In the following example, it is 


а methyl group. 
| 1. LiAIH, 
COCO OC УГО ш, + 2CH,OH 
CH, CH, 
Dimethyl 3-methyl-1,5-pentanedioate 3-Methyl-1,5-pentanediol Methanol 


15.6  Hydroxylation of alkenes using osmium tetraoxide is a syn addition of hydroxyl groups to the dou- 
ble bond. cis-2-Butene yields the meso diol. 


H H H 
SK VA OsO,, (CH,),COOH Ho Z р 
C=C Ашу рр: ВИ н m 
DIETEN (CH,,COH, но“ wy EQ 
Н.С СН; Н.С СН, 
cis-2-Butene meso-2,3-Butanediol 


trans-2-Butene yields a racemic mixture of the two enantiomeric forms of the chiral diol. 


H CH HO OH Н Н.С 
Ne oL ° 030, (CH),COOH ES А HC. 34H 
С. (CH,),COH, но“ u$ сн + C—C 
3 Н.С Н HO OH 
trans-2-Butene (2R,3R)-2,3-Butanediol (2S,3S)-2,3-Butanediol 


The Fischer projection formulas of the three stereoisomers are 


CH, CH, CH, 

н——Он HO—-—H H—-—0H 

H—— OH H—— OH HO——H 
CH, CH, CH, 


meso-2,3-Butanediol (2R,3R)-2,3-Butanediol (2S,3S)-2,3-Butanediol 


15.7 The first step is proton transfer to 1,5-pentanediol to form the corresponding alkyloxonium ion. 


2x КЊ“ Ss 2j +f H тз 
HÜCH,CH,CH,CH;CH,—OH + H7-QSO,0H HQCH,CH,CH,CH,CH,—Of +  :050,0H 
H 
1,5-Pentanediol Sulfuric acid Conjugate acid of 1,5-pentanediol Hydrogen sulfate 


Rewriting the alkyloxonium ion gives 


H 
HO—CH,CH,CH,CH,CH,—O¢ is equivalent to Cl H 
^u :0: б 


|| 
H H 


ALCOHOLS, DIOLS, AND THIOLS 367 


The oxonium ion undergoes cyclization by intramolecular nucleophilic attack of its alcohol function 
on the carbon that bears the leaving group. 


Сел С» 
o S О 
| | 


Of 
H H H 
Conjugate acid of Conjugate acid Water 
1,5-pentanediol of oxane 


Loss of a proton gives oxane. 


С) + H—ÖSO,OH 


3 Q 


H 
Conjugate acid Hydrogen Oxane Sulfuric acid 
of oxane sulfate 


15.8 (b) The relationship of the molecular formula of the ester (С Н,00,) to that of the starting dicar- 
boxylic acid (C,H,O,) indicates that the diacid reacted with 2 moles of methanol to form a 


diester. 
| | | | 
H* 
2СН.ОН + HOC COH CH,0C COCH, 
Methanol 1,4-Benzenedicarboxylic acid Dimethyl 1,4-benzenedicarboxylate 


15.9 While neither cis- nor trans-4-tert-butylcyclohexanol is a chiral molecule, the stereochemical 
course of their reactions with acetic anhydride becomes evident when the relative stereochemistry 
of the ester function is examined for each case. The cis alcohol yields the cis acetate. 


О 
OH 6:6 olee 
са 27 + пао. aes 
cis-4-tert-Butylcyclohexanol Acetic anhydride cis-A-tert-Butylcyclohexyl acetate 


The trans alcohol yields the trans acetate. 


О 
оо | 
Lak | || И кы OE 
(CH,),C + CH,COCCH, (CH,),C 
trans-4-tert-Butylcyclohexanol Acetic anhydride trans-A-tert-Butylcyclohexyl acetate 


15.10 Glycerol has three hydroxyl groups, each of which is converted to a nitrate ester function in nitro- 


glycerin. 
CH OH CHONO, 
| 3HNO, 
ee eas 
22904 
СЊОН CH,ONO, 


Glycerol Nitroglycerin 
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15.11 (b) The substrate is a secondary alcohol and so gives a ketone on oxidation with sodium dichro- 
mate. 2-Octanone has been prepared in 92-96% yield under these reaction conditions. 


Na,Cr,0, | | 
соо нзо, но” CH;C(CH,);CH; 
ОН 
2-Octanol 2-Octanone 


(c) The alcohol is primary, and so oxidation can produce either an aldehyde or a carboxylic acid, 
depending on the reaction conditions. Here the oxidation is carried out under anhydrous condi- 
tions using pyridinium chlorochromate (PCC), and the product is the corresponding aldehyde. 


PCC 
CH,CH,CH,CH,CH,CH,CH,OH —спа-®  CH,CH,CH,CH,CH,CH,CH 


1-Heptanol Heptanal 


15.12 (b) Biological oxidation of CH,CD,OH leads to loss of one of the C-1 deuterium atoms to МАР“. 
The dihydropyridine ring of the reduced form of the coenzyme will bear a single deuterium. 


O O 
| 5. HEP] 
CNH, alcohol CNH, 
B dehydrogenase | | + 
CH,CD,OH + | » ———— СНС +] | +H 
+ zi oe 
| | 
R R 
1,1-Dideuterio- NAD* 1-Deuterio- NADD 
ethanol ethanal 


(c) Тһе deuterium atom of CH,CH,OD is lost as D*. The reduced form of the coenzyme contains 
no deuterium. 


О О 
| o HE] 
CNH, alcohol CNH, 
S dehydrogenase | | " 
CH,CH,OD + || zi — ——— CHCH + || | +D 
y ) 
R R 
Ethanol-O-d NAD* Ethanal NADH 


15.13 (b) Oxidation of the carbon-oxygen bonds to carbonyl groups accompanies their cleavage. 


HIO 
(CH,),CHCH,CH—CHCH,C,H, + (CH,),CHCH,CH + HCCH,C,H, 


ls v 
ÓH OH 


1-Phenyl-5-methy1-2,3-hexanediol 3-Methylbutanal 2-Phenylethanal 


(c) The CH,OH group is cleaved from the ring as formaldehyde to leave cyclopentanone. 


O 
W HIO, [= | 
——— О + HCH 
CH,OH 


1-(Hydroxymethyl)- Cyclopentanone Formaldehyde 
cyclopentanol 
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15.14  Thiols may be prepared from the corresponding alkyl halide by reaction with thiourea followed by 
treatment of the isothiouronium salt with base. 


NaOH 


RBr + (H,N),C=S =  Isothiouronium salt RSH 
| (not isolated) А 
Alkyl Thiourea Thiol 
bromide 
Thus, an acceptable synthesis of 1-hexanethiol from 1-hexanol would be 
PBr, 1. (H,N),C=S 
CH,(CH,),CH,OH тива“ CH,(CH,),CH,Br уон ” СН. (СН); СН,5Н 
1-Hexanol 1-Bromohexane 1-Hexanethiol 
15.15 The three main components of “essence of skunk” аге 
Н.С Н Н.С CH,SH 
ОН, с“ “=с/ 
| Кто ZU UN 
CH,CHCH,CH,SH H CH,SH H H 
3-Methyl-1-butanethiol trans-2-Butene-1-thiol cis-2-Butene-1-thiol 


15.16 The molecular weight of 2-methyl-2-butanol is 88. A peak in its mass spectrum at m/z 70 corre- 
sponds to loss of water from the molecular ion. The peaks at m/z 73 and m/z 59 represent stable 
cations corresponding to the cleavages shown in the equation. 


“OH 
CH, | CH,CH, 
бн, 
Он ‘OH 
‘CH, + баШ aules + -CH,CH, 
mlz 73 mlz 59 


15.17 (a) The appropriate alkene for the preparation of 1-butanol by a hydroboration-oxidation 
sequence is 1-butene. Remember, hydroboration-oxidation leads to hydration of alkenes with 
а regioselectivity opposite to that seen in acid-catalyzed hydration. 


1. В.Н, 


СН,СН,СН==СН, оно " CH,CH,CH,CH,OH 


1-Butene 1-Butanol 


(b)  1-Butanol can be prepared by reaction of a Grignard reagent with formaldehyde. 


= || 
CH,CH,CH,CH,OH [> CH,CH,CH, + HCH 


An appropriate Grignard reagent is propylmagnesium bromide. 


Mg 
СН,СН,СН,Вг “diethyl ether CH,CH,CH,MgBr 
1-Bromopropane Propylmagnesium bromide 


О 
| 


1. diethyl ether 
CH,CH,CH,MgBr + HCH =". 


2. H,0* 


CH,CH,CH,CH,OH 


1-Butanol 
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(c) Alternatively, 1-butanol may be prepared by the reaction of a Grignard reagent with ethylene 
oxide. 


CH,CH,CH,CH,OH > CH&H, + ж 


In this case, ethylmagnesium bromide would be used. 


CH,CH,Br CH,CH,MgBr 


M 
— 
diethyl ether 


Ethyl bromide Ethylmagnesium bromide 


1. diethyl ether 


CH,CH,MgBr + HCH xe CH,CH,CH,CH,OH 
-H3 
О 
Ethylene oxide 1-Butanol 


(d) Primary alcohols may be prepared by reduction of the carboxylic acid having the same num- 
ber of carbons. Among the reagents we have discussed, the only one that is effective in the 
reduction of carboxylic acids is lithium aluminum hydride. The four-carbon carboxylic acid 
butanoic acid is the proper substrate. 


O 
| І. LiAIH,, diethyl ether 
CH,CH,CH,COH >"> _CH,CH,CH,CH,OH 
Ну 
Butanoic acid 1-Butanol 


(e) Reduction of esters can be accomplished using lithium aluminum hydride. The correct methyl 
ester is methyl butanoate. 


О 
| 1. LiAIH, 
CH,CH,CH,COCH, CH,CH,CH,CH,OH + CH,OH 
2. HO 
Methyl butanoate 1-Butanol Methanol 


(f) A butyl ester such as butyl acetate may be reduced with lithium aluminum hydride to prepare 
1-butanol. 


О 
| 


1. ШАІН, 
CH,COCH,CH,CH,CH, 


2. H,O 


CH,CH,CH,CH,OH + CH,CH,OH 


Butyl acetate 1-Butanol Ethanol 


(e) Because 1-butanol is a primary alcohol having four carbons, butanal must be the aldehyde that 
is hydrogenated. Suitable catalysts are nickel, palladium, platinum, and ruthenium. 


H,, Pt 


|| 
CH,CH,CH,CH —— — CH,CH,CH,CH,OH 


Butanal 1-Butanol 


(h) Sodium borohydride reduces aldehydes and ketones efficiently. It does not reduce carboxylic 
acids, and its reaction with esters is too slow to be of synthetic value. 


O 
| NaBH, 
CH,CH,CH,CH сарт»  CH,CH,CH,CH;0H 
or methanol 


Butanal ]-Butanol 
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15.18 (а) Both (Z)- and (£)-2-butene yield 2-butanol on hydroboration—oxidation. 


1. В.Н, 


СН,СН==СНСН, 2. н.о, но” SHa SEEN, 
OH 
(Z)- or (E)-2-butene 2-Butanol 


(b) Disconnection of one of the bonds to the carbon that bears the hydroxyl group reveals a feasi- 
ble route using a Grignard reagent and propanal. 


Disconnect this bond. О 
|| 
ас Ponca, > CH, + HCCH,CH, 
OH Propanal 


The synthetic sequence is 


| 
Mg 1. CH,CH,CH 
—— e 
CH,Br “diethyl ether ^ CH,MgBr 2.H,0* M E 
OH 
Methyl Methylmagnesium 2-Butanol 
bromide bromide 


(c) Another disconnection is related to a synthetic route using a Grignard reagent and acetaldehyde. 


Disconnect this bond. О 
x | 2 
ааа У CH,CH + CH,CH, 
OH Acetaldehyde 
| 
Mg CH,CH 
CH4CH,Br “diethyl ether CH,CH,MgBr 1Ho* ” ори 
ОН 
Ethyl bromide Ethylmagnesium 2-Butanol 
bromide 


(d-f) Because 2-butanol is a secondary alcohol, it can be prepared by reduction of a ketone having 
the same carbon skeleton, in this case 2-butanone. All three reducing agents indicated in the 
equations are satisfactory. 


|| H, Pd 


CH,CCH,CH, Tor PL Ni Ru)" i E 
OH 
2-Butanone 2-Butanol 
| NaBH, 
CH,CCH;CH, = кон" сен 
OH 
2-Butanone 2-Butanol 
| 1. LiAIH, 
CH,CCH,CH, но спо 
ОН 


2-Butanone 2-Butanol 


372 ALCOHOLS, DIOLS, AND THIOLS 


15.19 (а) All the carbon-carbon disconnections are equivalent. 


ЈЕ“ | 
жое =н > “CH, + CH,CCH, 
CH; Acetone 


The synthesis via a Grignard reagent and acetone is 


О 
Mg Т arlon, 
CHBt — august CHMeBr Lu (CH4,COH 
Methyl Methylmagnesium tert-Butyl alcohol 
bromide bromide 


(b) An alternative route to tert-butyl alcohol is addition of a Grignard reagent to an ester. Esters 
react with 2 moles of Grignard reagent. Thus, tert-butyl alcohol may be formed by reacting 
methyl acetate with 2 moles of methylmagnesium iodide. Methyl alcohol is formed as a by- 
product of the reaction. 


CH, 
1. diethyl ether 


| 
БО CH,—C—OH + CHOH 


2CH,;Mgl +  CH,COCH, 
CH, 
Methylmagnesium Methyl acetate tert-Butyl alcohol Methyl 


iodide alcohol 


15.20 (a) All of the primary alcohols having the molecular formula C;H,,O may be prepared by reduc- 
tion of aldehydes. The appropriate equations are 


O 
|| 1. LiAIH,, diethyl ether 
CH,CH,CH,CH,CH = CH,CH,CH,CH,CH,OH 
- H3 
Pentanal ]-Pentanol 
| 1. LiAIH,, diethyl ether 
CH,CH,CHCH === CH,CH,CHCH,OH 
a 
CH, CH, 
2-Methylbutanal 2-Methyl-1-butanol 
| 1. LiAIH,, diethyl ether 
(CH,),CHCH,CH === (CH,),CHCH,CH,OH 
+) 
3-Мефту шапа! 3-Methyl-1-butanol 
О 
| 1. LiAIH,, diethyl ether 
(CH,,CCH (CH,,CCH,OH 


2. HO 
2,2-Dimethylpropanal 2,2-Dimethyl-1-propanol 


ALCOHOLS, DIOLS, AND THIOLS 373 


(b) The secondary alcohols having the molecular formula C;H,,O may be prepared by reduction 


of ketones. 
O OH 
| 1. LiAIH,, diethyl ether | 
CH,CH,CH,CCH, == CH,CH,CH,CHCH, 
“Ну 
2-Pentanone 2-Pentanol 
O OH 
| 1. LiAIH,, diethyl ether | 
CH,CH,CCH,CH, === CH,CH,CHCH,CH, 
· 2 
3-Pentanone 3-Pentanol 
OH 
| 1. LiAIH,, diethyl ether | 
(CHj,CHCCH, === (CH,),CHCHCH, 
· 2 
3-Methyl-2-butanone 3-Methyl-2-butanol 


(c) As with the reduction of aldehydes in part (a), reduction of carboxylic acids yields primary 
alcohols. For example, 1-pentanol may be prepared by reduction of pentanoic acid. 


О 
| 1. LiAIH,, diethyl ether 
CH,CH,CH,CH,COH == CH,CH,CH,CH,CH,OH 


Pentanoic acid 1-Pentanol 


The remaining primary alcohols, 2-methyl-1-butanol, 3-methyl-1-butanol, and 2,2-dimethyl- 
1-propanol, may be prepared in the same way. 

(d) As with carboxylic acids, esters may be reduced using lithium aluminum hydride to give 
primary alcohols. For example, 2,2-dimethyl-1-propanol may be prepared by reduction of 
methyl 2,2-dimethylpropanoate. 


| | 1. ПАНА, diethyl ether 
(CH,),CCOCH, 


iuo (CH,),CCH,OH 
Methyl 2,2-Dimethyl-1-propanol 
2,2-dimethylpropanoate 
15.21 (а) The suggested synthesis 
Br, KOH 
СН,СН,СН,СН, qona” СНСН,СН,СН,Вг CH,CH,CH,CH,OH 
Butane 1-Bromobutane 1-Butanol 


is a poor one because bromination of butane yields a mixture of 1-bromobutane and 
2-bromobutane, 2-bromobutane being the major product. 


СН.СН.СН.СН, нак” CHyCH,CH,CH,Br + ои 
Вг 
Butane 1-Bromobutane 2-Bromobutane 


(minor product) (major product) 
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(b) The suggested synthesis 


KOH 


Br, 
(CH,),CH шокы” — (CH,);CBr (CH,),COH 
2-Methylpropane 2-Bromo-2- 2-Methyl-2- 
methylpropane propanol 


will fail because the reaction of 2-bromo-2-methylpropane with potassium hydroxide will 
proceed by elimination rather than by substitution. The first step in the process, selective 
bromination of 2-methylpropane to 2-bromo-2-methylpropane, is satisfactory because bromi- 
nation is selective for substitution of tertiary hydrogens in the presence of secondary and pri- 


mary ones. 
(c) Benzyl alcohol, unlike 1-butanol and 2-methyl-2-propanol, can be prepared effectively by this 
method. 
Br. 
( \ CH, un = heat {Ус кон {У снон 
Toluene Benzyl bromide Benzyl alcohol 


Free-radical bromination of toluene is selective for the benzylic position. Benzyl bromide can- 
not undergo elimination, and so nucleophilic substitution of bromide by hydroxide will work 
well. 

(d) Тһе desired transformation 


Br, KOH 
( сис, “Tight or heat "E (онен 


Ethylbenzene 1-Bromo-1-phenylethane 1-Phenylethanol 


fails because it produces more than one enantiomer. The reactant ethylbenzene is achiral and 
although its bromination will be highly regioselective for the benzylic position, the product 
will be a racemic mixture of (R) and (S)-1-bromo-1-phenylethane. The alcohol produced by 
hydrolysis will also be racemic. Furthermore, the hydrolysis step will give mostly styrene by 
an E2 elimination, rather than 1-phenylethanol by nucleophilic substitution. 


15.22 Glucose contains five hydroxyl groups and an aldehyde functional group. Its hydrogenation will not 
affect the hydroxyl groups but will reduce the aldehyde to a primary alcohol. 


OH OH О OH OH 
HO E H, (120 atm) HO = 
= = H Ni, 140°C = = ОН 
ОН ОН ОН ОН 
Glucose Sorbitol 


15.23 (а)  1-Phenylethanol is a secondary alcohol and so can be prepared by the reaction of a Grignard 
reagent with an aldehyde. One combination is phenylmagnesium bromide and ethanal 


(acetaldehyde). 
= | 
а C,H;MgBr + HCCH, 


OH 


1-Phenylethanol Phenylmagnesium Ethanal 
bromide (acetaldehyde) 
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Grignard reagents—phenylmagnesium bromide in this case—are always prepared by reaction 
of magnesium metal and the corresponding halide. Starting with bromobenzene, a suitable 
synthesis is described by the sequence 


| 
Mg 1. СН.СН 
СоН5Вг Tamienr” CeHsMgBr оно" клды 
OH 
Bromobenzene Phenylmagnesium 1-Phenylethanol 
bromide 


(b) An alternative disconnection of 1-phenylethanol reveals a second route using benzaldehyde 
and a methyl Grignard reagent. 


OH 
1-Phenylethanol Benzaldehyde Methylmagnesium 
iodide 
Equations representing this approach are 
| 
Mg 1. СЄН,СН 
CHI diethyl ether CH,Mgl но ^ а 
OH 
Iodomethane Methylmagnesium 1-Phenylethanol 
iodide 


(c) Aldehydes are, in general, obtainable by oxidation of the corresponding primary alcohol. 
By recognizing that benzaldehyde can be obtained by oxidation of benzyl alcohol with PCC, 


we write 
О 
РСС | І. CH3Mgl, diethyl ether 
C,H,CH,OH CH,Cl, C,H,CH 2. HO* Й син 
OH 
Benzyl alcohol Benzaldehyde 1-Phenylethanol 


(d) Тһе conversion of acetophenone to 1-phenylethanol is a reduction. 


О 
|| reducing agent 


C,H,cCCH, CANT, отно 
OH 


Acetophenone 1-Phenylethanol 


Any of a number of reducing agents could be used. These include 
1. NaBH, СЊОН 

2. ТАН, in diethyl ether, then H,O 

3. H,anda Pt, Pd, Ni, or Ru catalyst 
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(e) Benzene can be employed as the ultimate starting material in a synthesis of 1-phenylethanol. 
Friedel-Crafts acylation of benzene gives acetophenone, which can then be reduced as in 


part (d). 
О О 
|| AICI, | 
+ CHOC] + CCH, 
Benzene Acetyl chloride Acetophenone 


NI 
Acetic anhydride (CH4COCCH,) can be used in place of acetyl chloride. 


15.24 2-Phenylethanol is an ingredient in many perfumes, to which it imparts a rose-like fragrance. 
Numerous methods have been employed for its synthesis. 


(a) Аза primary alcohol having two more carbon atoms than bromobenzene, it can be formed by 
reaction of a Grignard reagent, phenylmagnesium bromide, with ethylene oxide. 


ZEN 
C,H,CH,CH,OH > C4H,MgBr + H,C—CH, 


The desired reaction sequence is therefore 


1.H,C—CH, 
M \/ 
СЬН.Вг diethyl ether C,H;MgBr 2 но: C;H;CH;,CH;OH 
Bromobenzene Phenylmagnesium 2-Phenylethanol 
bromide 


(b) Hydration of sytrene with a regioselectivity contrary to that of Markovnikov’s rule is required. 
This is accomplished readily by hydroboration—oxidation. 


1. В.Н, diglyme 
2. Н,0,, НОГ 


C,H,CH=CH, C.H,CH,CH,OH 


Styrene 2-Phenylethanol 


(c) Reduction of aldehydes yields primary alcohols. 


О 
| | reducing agent 


C,H,CH,CH -——==® =”,  COH,CH,CH,0H 


2-Phenylethanal 2-Phenylethanol 


Among the reducing agents that could be (and have been) used are 
1. NaBH,, CHOH 
2. LiAIH, in diethyl ether, then H,O 
3. H,anda Pt, Pd, Ni, or Ru catalyst 
(d)  Esters are readily reduced to primary alcohols with lithium aluminum hydride. 


О 
|| 


І. LiAIH,, diethyl ether 
C,H.CH,COCH,CH, 


Ер C,H,CH,CH,OH 


Ethyl 2-phenylethanoate 2-Phenylethanol 
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(e) The only reagent that is suitable for the direct reduction of carboxylic acids to primary alco- 
hols is lithium aluminum hydride. 


1. LiAIH,, diethyl ether 


[ 
CH.CHCOH — 715 


C,H,CH,CH,OH 
2-Phenylethanoic acid 2-Phenylethanol 


Alternatively, the carboxylic acid could be esterified with ethanol and the resulting ethyl 
2-phenylethanoate reduced. 


| | reduce as in 

$ art (d 
C,H,CH,COH + CH,CH,OH H C,H,CHCOCH,CH, 9. C.H.CH,CH,OH 
2-Phenylethanoic Ethanol Ethyl 2-phenylethanoate 2-Phenylethanol 


acid 


15.25 (а)  Thiols are made from alkyl halides by reaction with thiourea, followed by hydrolysis of the 
isothiouronium salt in base. The first step must therefore be a conversion of the alcohol to an 


alkyl bromide. 
HBr 1. (HN),C—S 
CH,CH,CH,CH,OH — вв СН.СН,СН,СН,Вг zog CH,CH,CH,CH,SH 
]-Butanol 1-Bromobutane 1-Butanethiol 


(b) To obtain 1-hexanol from alcohols having four carbons or fewer, a two-carbon chain exten- 
sion must be carried out. This suggests reaction of a Grignard reagent with ethylene oxide. 
The retrosynthetic path for this approach is 
Е, А 
CH,CH,CH,CH,3-CH,CH,OH CH,CH,CH,CH,MgBr + H,C—CH, 


The reaction sequence therefore becomes 


1. нс Ен» 


CH,CH,CH,CH,MgBr CH,CH,CH,CH,CH,CH,OH 


O 
2. НО" 


Mg 
CH;CH,CH,CH,Br diethyl ether 


1-Bromobutane Butylmagnesium bromide 1-Hexanol 
from part (а) 


Given the constraints of the problem, we prepare ethylene oxide by the sequence 


Н,50, CH,COOH 
H4C—CH > 
heat 2 2 


CH,CH,OH 


Ethanol Ethylene O 


(c) The target molecule 2-hexanol may be mentally disconnected as shown to a four-carbon unit 
and a two-carbon unit. 


О 
|| 
CH,CH+CH,CH,CH,CH, [> CHCH + :CH,CH,CH,CH, 


| 
OH 
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| 
The alternative disconnection to :CH, and HCCH,CH,CH,CH, reveals a plausible approach 
to 2-hexanol but is inconsistent with the requirement of the problem that limits starting mate- 
rials to four carbons or fewer. The five-carbon aldehyde would have to be prepared first, mak- 


ing for a lengthy overall synthetic scheme. 
An appropriate synthesis based on alcohols as starting materials is 


i 
CH,CHOH "ага CHCH 
Ethanol Ethanal 
О 
| 1. diethyl ether 
CH,CH,CH,CH,MgBr + СН.СН == ОВА CH НК 
‚НУ 
OH 
Butylmagnesium bromide Ethanal 2-Hexanol 


from part (b) 


(d) Hexanal may be obtained from l-hexanol [prepared in part (b)] by oxidation in 
dichloromethane using pyridinium chlorochromate (PCC) or pyridinium dichromate (PDC). 


PCC or PDC 
——— 


| 
CH,(CH,),CH,OH “Gra, СНУСНУ.СН 


1-Hexanol from part (5) Hexanal 


(e) X Oxidation of 2-hexanol from part (c) yields 2-hexanone. 


Na,Cr,O. | 
SOO а. поно” CH;CCH,CH,CH,CH, 
OH 
2-Hexanol 2-Hexanone 


PCC or PDC can also be used for this transformation. 

(f) Oxidation of 1-hexanol with chromic acid (sodium or potassium dichromate in aqueous sul- 
furic acid) yields hexanoic acid. Use of PDC or PCC in dichloromethane is not acceptable 
because those reagents yield aldehydes on reaction with primary alcohols. 


K,Cr,0, 
H,SO,, H,O 


CH,(CH,),CH,OH CH,(CH,),CO,H 


1-Hexanol from part (b) Hexanoic acid 


(g) Fischer esterification of hexanoic acid with ethanol produces ethyl hexanoate. 


H* 


|| 
CH,(CH,),CO,H + CH,CH,OH CH,(CH,),COCH,CH, 


Hexanoic acid Ethanol 
from part (f) 


Ethyl hexanoate 


(h)  Vicinal diols are normally prepared by hydroxylation of alkenes with osmium tetraoxide and 
tert-butyl hydroperoxide. 
OsO, 


(CH;),C=CH, -uzcoormo* (CH;),CCH,OH 
(CH3)3COH | 
OH 

2-Methylpropene 2-Methyl-1,2- 


propanediol 
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The required alkene is available by dehydration of 2-methyl-2-propanol. 


H,PO, 
heat 


(CH,);COH (CH,),C—CH, 


2-Methyl-2-propanol 2-Methylpropene 


(i) | The desired aldehyde can be prepared by oxidation of the corresponding primary alcohol with 


PCC or PDC. 
| 
РСС ог РРС 
(CH),CCHOH “са (CHOQOCH 
2,2-Dimethyl-1-propanol 2,2-Dimethylpropanal 


The necessary alcohol is available through reaction of a tert-butyl Grignard reagent with 
formaldehyde, as shown by the disconnection 


(CH,),CCH,OH = (сну смеса! + H,C=O 


PCC or PDC | 


CH,OH ae HCH 
Methanol Formaldehyde 
HCl Mg 
(CH,),COH (CH;),CCI Geil ane (CH;),CMgCI 
2-Methyl-2-propanol 2-Chloro- 1,1-Dimethylethyl- 
(tert-butyl alcohol) 2-methylpropane magnesium chloride 
(tert-butyl chloride) (tert-butylmagnesium chloride) 
1. H5C—O, diethyl ether 
(CH;),CMgCI Tm - — (CH,),CCH,OH 
1,1-Dimethylethylmagnesium 2,2-Dimethyl-1-propanol 
chloride (tert-butylmagnesium 


chloride) 


15.26 (a) The simplest route to this primary chloride from benzene is through the corresponding alco- 
hol. The first step is the two-carbon chain extension used in Problem 15.24a. 


Br CH,CH,OH 
Br, 1. Mg, diethyl ether 
м —_—_—_— > 
FeBr, 2. EG TH 
О 


3. НО" 
Benzene Bromobenzene 2-Phenylethanol 
CH,CH,OH CH,CH,Cl 
ef SOCL, CY 
— -~o 
2-Phenylethanol 1-Chloro-2-phenylethane 


The preparation of ethylene oxide is shown in Problem 15.256. 
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(b) 
(c) 
О 
|| NaBH, 
СНСООН “cron > 
2-Methyl-1-phenyl-1- 
propanone 
15.27 (a) 
(b) 
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A Friedel-Crafts acylation is the best approach to the target ketone. 


| 
О 
| АС кыш 
+ (CH,),CHCC] ——— 
Benzene 


2-Methyl-1-phenyl-1- 
propanone 


2-Methylpropanoyl 
chloride 


Because carboxylic acid chlorides are prepared from the corresponding acids, we write 


О О 
K,Cr,0, || SOCI, | 
(CH,);CHCH;OH so аг"  (CH),CHCOH (CH,),CHCCI 


2-Methyl-1-propanol 2-Methylpropanoic 


acid 


2-Methylpropanoyl 
chloride 


Wolff-Kishner or Clemmensen reduction of the ketone just prepared in part (b) affords 
isobutylbenzene. 


H,NNH,, НО 
triethylene glycol, heat 


[ 
C,H;CCH(CH,), 


or Zn(Hg), НСІ C,H;CH;CH(CH,), 
2-Methyl-1-phenyl-1-propanone Isobutylbenzene 
A less direct approach requires three steps: 
H,SO, H, 
CeHsCHCH(CH,), — C,H;CH=C(CH,) = C,H,CH,CH(CH,), 
OH 
2-Methyl-1-phenyl-1- 2-Methyl-1- Isobutylbenzene 
propanol phenylpropene 


Because 1-phenylcyclopentanol is a tertiary alcohol, a likely synthesis would involve reaction 
of a ketone and a Grignard reagent. Thus, a reasonable last step is treatment of cyclopentanone 


with phenylmagnesium bromide. 
к 
CoH; 


о 
1-Phenylcyclopentanol 


Cyclopentanone 


1. C;H;MgBr, diethyl ether 
SEEMS EI SES 
2.H40* 


Cyclopentanone is prepared by oxidation of cyclopentanol. Any one of a number of oxidizing 
agents would be suitable. These include PDC or PCC in СН,СІ, or chromic acid (H,CrO,) 


generated from Na,Cr,O, in aqueous sulfuric acid. 
De 


OS 
H 
Cyclopentanone 


Cyclopentanol 


oxidize 


Acid-catalyzed dehydration of 1-phenylcyclopentanol gives 1-phenylcyclopentene. 


p О 
CH, 6-25 


1-Phenylcyclopentanol 1-Phenylcyclopentene 


H,SO,, heat 


or 
H3PO,, heat 
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(c) Нудгобогапоп–ох1даноп of 1-phenylcyclopentene gives trans-2-phenylcyclopentanol. The 
elements of water (H and OH) are added across the double bond opposite to Markovnikov’s 
rule and syn to each other. 


H HO H 
1. BH, diglyme wH 
on 2. НО», HO | 
CH; 
1-Phenylcyclopentene trans-2-Phenylcyclopentanol 


(d) Oxidation of trans-2-phenylcyclopentanol converts this secondary alcohol to the desired 
ketone. Any of the Cr(VI)-derived oxidizing agents mentioned in part (a) for oxidation of 
cyclopentanol to cyclopentanone is satisfactory. 


HO g O 
on Cr(VI) oxidation on 
CH; CH; 
trans-2-Phenylcyclo- 2-Phenylcyclopentanone 
pentanol 


(e) The standard procedure for preparing cis-1,2-diols is by hydroxylation of alkenes with 
osmium tetraoxide. 


H HỌ H 
(TE — G 
3/3 , C,H, 
1-Phenylcyclopentene 1-Phenyl-cis-1,2-cyclopentanediol 


(f) The desired compound is available either by ozonolysis of 1-phenylcyclopentene: 


H 
О 
1.0, | 
СН; — н.о, Za” C,H,;CCH,CH,CH,CH 
1-Phenylcyclopentene 5-Oxo-1-phenyl-1-pentanone 


or by periodic acid cleavage of the diol in part (e): 


HO H О 
ОН на | | 
— ——  CH,CCH,CH,CH,CH 
CH; 
]-Phenyl-cis-1,2- 5-Oxo-1-phenyl-1-pentanone 
cyclopentanediol 


(g) Reduction of both carbonyl groups in the product of part (f) gives the desired diol. 


О H,, Pt (or Pd, Ni, Ru) 
| NaBH, H,O 
C,H;CCH,CH,CH,CH e CH,CHCH,CH,CH,CH,OH 
1. LiAIH,, diethyl ether | 
2. H,O OH 


5-Охо-1-рһепу1-1-репїапопе 1-Phenyl-1,5-pentanediol 
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15.28 (a,b) Primary alcohols react in two different ways on being heated with acid catalysts: they can 
condense to form dialkyl ethers or undergo dehydration to yield alkenes. Ether formation is 
favored at lower temperature, and alkene formation is favored at higher temperature. 


H,SO 
2CH,CH,CH,OH ТЕРС CH,CH,CH,OCH,CH,CH, + H,O 
1-Propanol Dipropyl ether Water 
H,SO, 
CH,CH,CH,OH ——— CH,CH=CH, + H,O 
1-Propanol Propene Water 


(c) Nitrate esters are formed by the reaction of alcohols with nitric acid in the presence of a 
sulfuric acid catalyst. 


H,SO,(cat) 
CH,CH,CH,OH + HONO, —— > CH,CH,CH,ONO, + H,O 


1-Propanol Nitric acid Propyl nitrate Water 


(d)  Pyridinium chlorochromate (PCC) oxidizes primary alcohols to aldehydes. 


О 
Рес | 

CH,CH,CH,OH —dáia CH,CH,CH 
1-Propanol Propanal 


(e) Potassium dichromate in aqueous sulfuric acid oxidizes primary alcohols to carboxylic acids. 


O 
О aaron 
———— 
зды H,SO,, H,O 3772 
heat 
]-Propanol Propanoic acid 


(f) Amide ion, a strong base, abstracts a proton from l-propanol to form ammonia and 
1-propanolate ion. This is an acid-base reaction. 


CH,CH,CH,OH + NaNH, CH,CH,CH,ONa + NH, 


1-Propanol Sodium amide Sodium 1-propanolate Ammonia 


(g) With acetic acid and in the presence of an acid catalyst, 1-propanol is converted to its acetate 
ester. 


О 
|| || 
CH,CH,CH,OH + CH,COH === CH,COCH,CH,CH, + H,O 


1-Propanol Acetic acid Propyl acetate Water 


This is an equilibrium process that slightly favors products. 
(h)  Alcohols react with p-toluenesulfonyl chloride to give p-toluenesulfonate esters. 


О 
ridine | 

CH,CH,CH,OH + сн,—{ вола абы сњсњсњо 4 _)-сн, + HCl 
О 


1-Propanol p-Toluenesulfony] chloride Propyl p-toluenesulfonate 
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(i) | Acyl chlorides convert alcohols to esters. 


| паше | 
CH,CH,CH,OH + сно—@ У Са ES cu.cucroc—& осн, + HCl 


1-Propanol p-Methoxybenzoyl chloride Propyl p-methoxybenzoate 


(jJ) The reagent is benzoic anhydride. Carboxylic acid anhydrides react with alcohols to give 


esters. 
|| | | 
папе 
CH,CH,CH,OH + C,H,COCC,H; — CH,CH,CH,OCC,H; + C,H;COH 
1-Propanol Benzoic anhydride Propyl benzoate Benzoic acid 


(k) The reagent is succinic anhydride, a cyclic anhydride. Esterification occurs, but in this case 
the resulting ester and carboxylic acid functions remain part of the same molecule. 


О 


pyridine | 


CH,CH,CH,OH + о a  CHCH,CH,OCCH,CH,COH 


O 


1-Propanol Succinic Hydrogen propyl succinate 
anhydride 


15.29 (a) On being heated in the presence of sulfuric acid, tertiary alcohols undergo elimination. 


CH; H,SO, 
Н.С > chase. 7 H,C СН; 
ОН 


4-Methyl-1- 4-Methyl-1- 
phenylcyclohexanol phenylcyclohexene (81%) 


(b) The combination of reagents specified converts alkenes to vicinal diols. 


(CH3)3COOH, OsO, (cat) 
(CH,),COH, HO” а. 


HO OH 


2,3-Dimethyl-2-butene 2,3-Dimethyl-2,3-butanediol 
(72%) 


(CH;),C—=C(CH;), 


(c) Hydroboration—oxidation of the double bond takes place with a regioselectivity that is 
opposite to Markovnikov's rule. The elements of water are added in a stereospecific syn 


fashion. 
CH; но Н 
me 1. В.Н», diglyme a 
— s 
2. H,0,, НО 
1-Phenylcyclobutene trans-2-Phenylcyclobutanol 
(82%) 


(d) Lithium aluminum hydride reduces carboxylic acids to primary alcohols, but does not reduce 
carbon-carbon double bonds. 


1. LiAIH,, diethyl ether 
COH x5 > CH,OH 


Cyclopentene-4- (3-Cyclopentenyl)- 
carboxylic acid methanol 


384 


(е) 


90) 


(2) 


trans-3-Methylcyclohexanol 


(ћ) 


(0 


ALCOHOLS, DIOLS, AND THIOLS 


Chromic acid oxidizes the secondary alcohol to the corresponding ketone but does not affect 
the triple bond. 


О 
| 


H,CrO 
СН.СНСЕЕС(СН,).СН, CH,CC=C(CH,),CH, 


— a 
H,SO,, H,O 
| acetone 
OH 
3-Octyn-2-ol 3-Octyn-2-one (80%) 


Lithium aluminum hydride reduces carbonyl groups efficiently but does not normally react 
with double bonds. 


| 1. LiAIH,, diethyl ether 
шт Еле A 


|| 
CH,CCH,CH=CHCH,CCH, CH,CHCH,CH=CHCH,CHCH, 


2. H,O | | 
OH OH 


4-Octen-2,7-dione 4-Octen-2,7-diol (75%) 


Alcohols react with acyl chlorides to yield esters. The O—H bond is broken in this reaction; 
the C—O bond of the alcohol remains intact on ester formation. 


NO, 


pyridine 
NO, 
ом 


3,5-Dinitrobenzoyl chloride trans-3-Methylcyclohexyl-3,5- 


dinitrobenzoate (74%) 


Carboxylic acid anhydrides react with alcohols to give esters. Here, too, the spatial orientation 
of the C—O bond remains intact. 


|| | 
+ CH,COCCH, | + CH,COH 
OH OCCH, 
H H 
exo-Bicyclo[2.2.1]- Acetic anhydride exo-Bicyclo[2.2.1]hept- Acetic acid 
heptan-2-ol 2-yl acetate (90%) 


The substrate is a carboxylic acid and undergoes Fischer esterification with methanol. 


ом О 
| CH,OH А \ 
а COH о — До Cl « COCH, 
ON ON 
4-Chloro-3,5- Methyl 4-chloro-3,5- 


dinitrobenzoic acid dinitrobenzoate (96%) 
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(j) Both ester functions are cleaved by reduction with lithium aluminum hydride. The product is 


a diol. 
| 1 
CH,CO COCH, 
H,C 


+  CH,CH,OH + CH,OH 


(96%) 


(k) Treatment of the diol obtained in part (j) with periodic acid brings about its cleavage to two 


carbonyl compounds. 


HO CH,OH 
H,C 


HIO, 


(74%) 


15.30 Only the hydroxyl groups on C-1 and C-4 can be involved, since only these two can lead to a five- 


membered cyclic ether. 


HOCH,CHCH,CH,OH 


| 
OH 


1,2,4-Butanetriol 


Ht 
heat | \ + H,O 


3-Hydroxyoxolane 
(C4HgO2) 


Any other combination of hydroxyl groups would lead to a strained three-membered or four- 
membered ring and is unfavorable under conditions of acid catalysis. 


15.31 


Hydroxylation of alkenes with osmium tetraoxide is a syn addition. A racemic mixture of the 2R,3S 


and 25,3К stereoisomers is formed from cis-2-pentene. 


H 


CH,CH, 
Tz 


CH, 


OsO,, (CH,);COOH 
(CH;),COH, но“ 


cis-2-Pentene 


OH 


2S,3R-2,3-Pentanediol 2R,3S-2,3-Pentanediol 


trans-2-Pentene gives a racemic mixture of the 2R,3R and 25,35 stereoisomers. 


H 


CH,CH, 
Ta 


H 


OsO,, (CH4),COOH 
(CH,),COH, HO™ 


trans-2-Pentene 


H——CH,CH, 
OH + 
H,C_/-H 
i H,C— `H 
OH 


2R,3R-2,3-Pentanediol 2S,3S-2,3-Pentanediol 
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15.32 (а) The task of converting a ketone to an alkene requires first the reduction of the ketone to an 
alcohol and then dehydration. In practice the two-step transformation has been carried out in 
54% yield by treating the ketone with sodium borohydride and then heating the resulting 
alcohol with p-toluenesulfonic acid. 


С $ хт @ E = © 9 
— — 


Of course, sodium borohydride may be replaced by other suitable reducing agents, and 
p-toluenesulfonic acid is not the only acid that could be used in the dehydration step. 

(b) This problem and the next one illustrate the value of reasoning backward. The desired prod- 
uct, cyclohexanol, can be prepared cleanly from cyclohexanone. 


oO" DO DC 


Once cyclohexanone is recognized to be a key intermediate, the synthetic pathway becomes 
apparent—what is needed is a method to convert the indicated starting material to cyclohexa- 
none. The reagent ideally suited to this task is periodic acid. The synthetic sequence to be fol- 
lowed is therefore 


OH 
O OH 
CH,OH HIO, NaBH, 
2 > Le 
CH,OH 
1-(Hydroxymethyl)- Cyclohexanone Cyclohexanol 
cyclohexanol 


(c) No direct method allows a second hydroxyl group to be introduced at C-2 of 1-phenylcyclo- 
hexanol in a single step. We recognize the product as a vicinal diol and recall that such com- 
pounds are available by hydroxylation of alkenes. 


OH OH 


3 C.H; Ө 
Cus ps CY im One 
7, 


"OH 


This tells us that we must first dehydrate the tertiary alcohol, then hydroxylate the resulting 


alkene. 

Оон CH; (CH,),COOH Он 

СН; H,SO, (CH,),COH СН; 
је. — 
heat OsO,, НО Уу, 
"OH 

1-Phenylcyclohexanol 1-Phenylcyclohexene 1-Phenyl-cis-1,2- 
cyclohexanediol 


The syn stereoselectivity of the hydroxylation step ensures that the product will have its 
hydroxyl groups cis, as the problem requires. 
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15.33 Because the target molecule is an eight-carbon secondary alcohol and the problem restricts our 
choices of starting materials to alcohols of five carbons or fewer, we are led to consider building up 
the carbon chain by a Grignard reaction. 


CH, [e CH, 
ЕНЕ E Ur + На 
bu 

4-Methyl-3-heptanol 


The disconnection shown leads to a three-carbon aldehyde and a five-carbon Grignard reagent. 
Starting with the corresponding alcohols, the following synthetic scheme seems reasonable. 
First, propanal is prepared. 


PCC or PDC 
> 


| 
CH,CH,CH,OH “©те” СН,СН,СН 


1-Ргорапо1 Ргорапа1 


After converting 2-pentanol to its bromo derivative, a solution of the Grignard reagent is 


prepared. 
PBr 
CH,CHCH,CH,CH, : CH,CHCH,CH,CH, чойо?”  CH4CHCH,CH,CH, 
OH Br MgBr 
2-Pentanol 2-Bromopentane 1-Methylbutylmagnesium 
bromide 


Reaction of the Grignard reagent with the aldehyde yields the desired 4-methyl-3-heptanol. 


O 
| | 1. diethyl ether 


CH,CHCH,CH,CH, + CH,CH,CH со” кен 
«Hg 
MgBr HOCHCH,CH, 
1-Methylbutylmagnesium Propanal 4-Methyl-3-heptanol 


bromide 


15.34 Our target molecule is void of functionality and so requires us to focus attention on the carbon skele- 
ton. Notice that it can be considered to arise from three ethyl groups. 


pcm 


а а |а came 


3-Methylpentane 


Considering the problem retrosynthetically, we can see that a key intermediate having the carbon 
skeleton of the desired product is 3-methyl-3-pentanol. This becomes apparent from the fact that 
alkanes may be prepared from alkenes, which in turn are available from alcohols. The desired alcohol 
may be prepared from reaction of an acetate ester with a Grignard reagent, ethylmagnesium bromide. 


CH, CH, 


О 
| | | 
CH,CH,CHCH,CH, > CECH CCR: > CH,COR + 2CH,CH,MgBr 


OH 
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The carbon skeleton can be assembled in one step by the reaction of ethylmagnesium bromide and 
ethyl acetate. 


OH 
| 1. diethyl ether | 
2CH,CH,MgBr + CH,COCH,CH, 75. > сн 
CH,CH, 
Ethylmagnesium Ethyl acetate 3-Methyl-3-pentanol 


bromide 


The resulting tertiary alcohol is converted to the desired hydrocarbon by acid-catalyzed dehydration 
and catalytic hydrogenation of the resulting mixture of alkenes. 


OH 
net н CH,C=CHCH, + H,C—C(CH,CH,), 
CH,CH, Ono 
3-Methyl-3-pentanol 3-Methyl-2-pentene 2-Ethyl-1-butene 


(cis + trans) 


[^ Ni 


CH,CH(CH,CH,), 


3-Methylpentane 


Because the problem requires that ethanol be the ultimate starting material, we need to show 
the preparation of the ethylmagnesium bromide and ethyl acetate used in constructing the carbon 
skeleton. 


PBr, 


Mg 
CH,CH,OH ЕЕ CH,CH,Br “diethyl ether CH,CH,MgBr 
Ethanol Ethyl bromide Ethylmagnesium 
bromide 
K,Cr,0, | 
CH,CH,OH 'HSO,, HAO, heat ^ CH,COH 
Ethanol Acetic acid 
| m | 
CH,COH + CH,CH,OH CH,COCH,CH, 
Acetic acid Ethyl acetate 


15.35 (а) Retrosynthetically, we can see that the cis carbon-carbon double bond is available by hydro- 
genation of the corresponding alkyne over the Lindlar catalyst. 


CH4CH;,CH—CHCH,;CH,OH > CH;CH;C-CCH;,CH,OH 
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The —CH,CH,OH unit can be appended to an alkynide anion by reaction with ethylene 
oxide. 


CH,CH,C=CCH,CH,OH [> CH,CH,C=CF + њс—сн, 


The alkynide anion is derived from 1-butyne by alkylation of acetylene. This analysis 
suggests the following synthetic sequence: 


= 1. NaNH,, NH, 12 1. NaNH,, NH, К 
HC=CH xoxo 7 CHICHC=CH ен“ CHCH,C=CCH,CH,On 
\/ 
О 
Acetylene 1-Butyne 3-Hexyn-1-ol 


Lindlar Pd 
Hy 
CH,CH, | „CH,CH,OH 
gama 
H H 


cis-3-Hexen-1-ol 


(b) The compound cited is the aldehyde derived by oxidation of the primary alcohol in part (a). 
Oxidize the alcohol with PDC or PCC in СН.СЬ. 


O 
| 
CH,CH, | ,CH,CH,OH „кс CHCH, ОНОН 
ASE in CH,Cl, ATS 
H H H H 
cis-3-Hexen-1-ol cis-3-Hexenal 


15.36 Even though we are given the structure of the starting material, it is still better to reason backward 
from the target molecule rather than forward from the starting material. 
The desired product contains a cyano (— CN) group. The only method we have seen so far for 
introducing such a function into a molecule is by nucleophilic substitution. The last step in the syn- 
thesis must therefore be 


CHX CH,CN 
+ см“ 


TX 


OCH, OCH, 


This step should work very well, since the substrate is a primary benzylic halide, cannot undergo 
elimination, and is very reactive in S42 reactions. 
The primary benzylic halide can be prepared from the corresponding alcohol by any of a number 


of methods. 
| | CH,X 
OCH, OCH, 


Suitable reagents include HBr, PBr,, or ЗОСЬ. 


CH,OH 
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Now we only need to prepare the primary alcohol from the given starting aldehyde, which is ac- 
complished by reduction. 


CH CH,OH 


OCH, OCH, 


Reduction can be achieved by catalytic hydrogenation, with lithium aluminum hydride, or with 
sodium borohydride. 
The actual sequence of reactions as carried out is as shown. 


| 
CH CH,OH CH,Br CH,CN 
H,, Pt HBr, benzene NaCN 
ethanol (98% yield) ethanol, water 
(100% yield) (87% yield) 
OCH, OCH, OCH, OCH, 
m-Methoxy- m-Methoxybenzyl m-Methoxybenzyl m-Methoxybenzyl 
benzaldehyde alcohol bromide cyanide 
Another three-step synthesis, which is reasonable but does not involve an alcohol as an interme- 
diate, is 
| 
CH CH, CH,Br CH,CN 
Clemmensen N-bromosuccinimide CN. 
= — ~ a — — 
or Wolff-Kishner hv 
reduction 
OCH, OCH, OCH, OCH, 
m-Methoxy- m-Methoxytoluene m-Methoxybenzyl m-Methoxybenzyl 
benzaldehyde bromide cyanide 


15.37 (a) Addition of hydrogen chloride to cyclopentadiene takes place by way of the most stable car- 
bocation. In this case it is an allylic carbocation. 


oo = © 


(Allylic carbocation; (Not allylic; 
more stable) less stable) 
ст 
Cl 


3-Chlorocyclopentene (80-90%) 
(Compound A) 
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(b) 


(c) 


Hydrolysis of 3-chlorocyclopentene gives the corresponding alcohol. Sodium bicarbonate in 
water is a weakly basic solvolysis medium. 


NaHCO, 
— 
H,O 


Cl OH 
Compound A 2-Cyclopenten-1-ol (88%) 
(compound B) 


Oxidation of compound B (a secondary alcohol) gives the ketone 2-cyclopenten-1-one. 


Na,Cr,0, 
————— 
H,SO,, H,O 
OH O 


Compound B 2-Cyclopenten-1-one 
(60—6896) (compound C) 


Thionyl chloride converts alcohols to alkyl chlorides. 


ЅОСІ, 
ат E m АИ 
OH Cl 
5-Hexen-2-ol 5-Chloro-1-hexene 
(compound D) 


Ozonolysis cleaves the carbon—carbon double bond. 


1.0, || || 


елсе инен, и нен бы нон, + HCH 
Cl Cl 
Compound D 4-Chloropentanal Formaldehyde 
(compound E) 


Reduction of compound E yields the corresponding alcohol. 


| | NaBH. 
кешен но — HOCH CCH ОВ 
Cl Cl 
4-Chloropentanal 4-Chloro-1-pentanol 


(compound F) 


N-Bromosuccinimide is a reagent designed to accomplish benzylic bromination. 


NBS 
Р. ee 
benzoyl peroxide, 
CH, heat CH,Br 


Br Br 


1-Bromo-2-methylnaphthalene ]-Bromo-2-(bromomethyl)naphthalene 
(compound G) 
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Hydrolysis of the benzylic bromide gives the corresponding benzylic alcohol. The bromine 
that is directly attached to the naphthalene ring does not react under these conditions. 


H50, CaCO, 
heat 
CH,Br CH,OH 


Br Br 
1-Bromo-2-(bromomethy])naphthalene (1-Bromo-2-naphthyl)methanol 
(compound H) 


Oxidation of the primary alcohol with PCC gives the aldehyde. 


PCC 
CH,Cl, 
CH,OH CH 
Br Br L 


(1-Bromo-2-naphthyl)methanol 1-Bromonaphthalene-2-carboxaldehyde 
(compound I) 


15.38 The alcohol is tertiary and benzylic and yields a relatively stable carbocation. 


CH, 

| H,S0, A 

C—CH,CH, c 

ГЕ CH,CH, 
2-Phenyl-2-butanol 1-Methyl-1-phenylpropyl 


cation 


The alcohol is chiral, but the carbocation is not. Thus, irrespective of which enantiomer of 2-phenyl- 
2-butanol is used, the same carbocation is formed. The carbocation reacts with ethanol to give an 
optically inactive mixture containing equal quantities of enantiomers (racemic). 


CH, Тв 
{< + CH,CH,OH (oe + Н” 
сн,сн, OCH,CH, 
]-Methyl-1-phenylpropyl Ethanol 2-Ethoxy-2-phenylbutane 
cation (50% R, 5096 S) 


15.39 The difference between the two ethers is that 1-O-benzylglycerol contains a vicinal diol function, 
but 2-O-benzylglycerol does not. Periodic acid will react with 1-O-benzylglycerol but not with 2-O- 


benzylglycerol. 
О 
ню, | 
ECC TON — —— C.H.CH,OCH,CH + HCH 
OH 
1-O-Benzylglycerol 2-Benzyloxyethanal Formaldehyde 
HOCH,CHCH,OH no reaction 


OCH,C,H; 


2-O-Benzylglycerol 
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15.40 The formation of an alkanethiol by reaction of an alkyl halide or alkyl p-toluenesulfonate with 
thiourea occurs with inversion of configuration in the step in which the carbon-sulfur bond is 
formed. Thus, the formation of (R)-2-butanethiol requires (S)-sec-butyl p-toluenesulfonate, which 
then reacts with thiourea by an S42 pathway. The p-toluenesulfonate is formed from the corre- 
sponding alcohol by a reaction that does not involve any of the bonds to the stereogenic center. 
Therefore, begin with (S)-2-butanol. 


1. (H,N),C=S 


CH,CH, H p-toluenesulfonyl CHCH, |i n of $ CH,CH, 
= chloride Е configuration = E 
OH retention of C— OTs 2. NaOH > HS C 
configurati 
CH, configuration CH, CH, 
(S)-2-Butanol (S)-sec-Butyl (R)-2-Butanethiol 


p-toluenesulfonate 


15.41 (a) Cysteine contains an —SH group and is a thiol. Oxidation of thiols gives rise to disulfides. 


oxidize 


2RSH > RSSR 
Thiol Disulfide 


Biological oxidation of cysteine gives the disulfide cystine. 


О О О 
2HSCH,CHOO" mide а 
"NH, "NH, "^n, 
Cysteine Cystine 


(b) Oxidation of a thiol yields a series of acids, including a sulfinic acid and a sulfonic acid. 


од од 

RSH - кў OH > ryt OH 
ЦЕ 

Thiol Sulfinic acid Sulfonic acid 


Biological oxidation of cysteine can yield, in addition to the disulfide cystine, cysteine sulfinic 
acid and the sulfonic acid cysteic acid. 


| | cal 
TALEO очае. HO оа oxidize „ НО о 


"МН; "NH, O "NH, 


Cysteine Cysteine sulfinic acid (C4H;NO4S) Cysteic acid (C4H;NO,S) 


15.42 The ratio of carbon to hydrogen in the molecular formula is С„Н»„+› (C4H,40,), and so the com- 
pound has no double bonds or rings. The compound cannot be a vicinal diol, because it does not 
react with periodic acid. 

The NMR spectrum is rather simple as all peaks are singlets. The 12-proton singlet at 6 1.2 ppm 
must correspond to four equivalent methyl groups and the four-proton singlet at 6 1.6 ppm to two 
equivalent methylene groups. No nonequivalent protons can be vicinal, because no splitting is ob- 
served. The two-proton singlet at 6 2.0 ppm is due to the hydroxyl protons of the diol. 
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15.44 
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The compound is 2,5-dimethyl-2,5-hexanediol. 


ee 
CH,CCH,CH,CCH, 
OH OH 


The molecular formula of compound А (C4,H,,0) corresponds to an index of hydrogen deficiency 
of 4. The 4 hydrogen signal at ô 7.2 ppm in the 'H NMR spectrum suggests these unsaturations are 
due to a disubstituted benzene ring. That the ring is para-substituted is supported by the symmetry 
of the signal; it is a pair of doublets, not a quartet. 

The broad signal (1H) at 6 2.1 ppm undergoes rapid exchange with D,O, indicating it is the pro- 
ton of the hydroxyl group of an alcohol. As the remaining signals are singlets, with areas of 2H and 
3H, respectively, compound A can be identified as 4-methylbenzyl alcohol. 


8 2.4 ppm D 6 4.7 ppm 


Kc Soon 


oY YY 


6 2.1 ppm 
6 7.2 ppm 
(a) This compound has only two different types of carbons. One type of carbon comes at low field 


and is most likely a carbon bonded to oxygen and three other equivalent carbons. The spec- 
trum leads to the conclusion that this compound is tert-butyl alcohol. 


ја 
а. 
31.2 ppm СН, 68.9 ppm 


(b) Four different types of carbons occur in this compound. The опу C,H,,O isomers that have four 
nonequivalent carbons are CH,;CH,CH,CH,OH, СН,СНСН,СН,, and СЊОСЊСЊСН,. 


| 
OH 


The lowest field signal, the one at 69.2 ppm from the carbon that bears the oxygen substituent, 
is a methine (CH). The compound is therefore 2-butanol. 


eH неше 
OH 


(c) This compound has two equivalent CH, groups, as indicated by the signal at 18.9 ppm. Its 
lowest field carbon is a СН», and so the group —-CH,O must be present. The compound is 2- 
methyl-1-propanol. 


30.8 ppm 
H,C—CH—CH,OH 


18.9 ppm CH, 69.4 ppm 


The compound has only three carbons, none of which is a CH, group. Two of the carbon signals 
arise from CH, groups; the other corresponds to a CH group. The only structure consistent with the 
Observed data is that of 3-chloro-1,2-propanediol. 


МОРА BH 
OH 


15.46 


15.47-15.49 


SELF-TEST 
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The structure бо REREH cannot be correct. It would exhibit only two peaks in its "C NMR 


Cl 
spectrum, because the two terminal carbons are equivalent to each other. 


The observation of a peak at m/z 31 in the mass spectrum of the compound suggests the presence of 
a primary alcohol. This fragment is most likely H,C= ÓH. On the basis of this fact and the 
appearance of four different carbons in the "C NMR spectrum, the compound is 2-ethyl-1-butanol. 


23 ppm 


CH,CH, 1 Bp 


CH,CH3 M 


Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man- 
ual. You should use Learning By Modeling for these exercises. 


PART A 
A-1. For each of the following reactions give the structure of the missing reactant or reagent. 
H OH 
1. LiAlH, 
(а) 2. H,O 
OH 
1. diethyl ether | 
(b ? + 2CH,CH,MgBr Sao > C,H;C(CH,CH,), + CH,CH,OH 
CH, CH, 


| | 
= ? C,H,CH,CHCH,OH 


CH, rr 
(d) СТ —— g 
"он 


C,H,CH,SH 


1.2 
(e) | C eH,CH5Br 2. NaOH 


А-2. For the following reactions of 2-phenylethanol, C;H;CH,CH,OH, give the correct reagent or 
product(s) omitted from the equation. 


(à) C,H;CH,CH,OH —2©©—— ? 


CH,Cl, 
сн,сосн.сн,—{_У 


Ht 
heat 


(b | CH,CH,CH,OH 


(c) C4H,CH,CH,OH (2 mol) H,O +? 


(d) C4H,CH,CH,OH 


C,H,CH,CO,H 
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A-3. 


A-5. 


A-6. 


А-7. 
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Write the structure of the major organic product formed in the reaction of 2-propanol with 
each of the following reagents: 


(a) Sodium amide (NaNH,) 
(b) Potassium dichromate (K,Cr,O,) in aqueous sulfuric acid, heat 
(c) PDC in dichloromethane 


| 
(d) Acetic acid (CH,COH) in the presence of dissolved hydrogen chloride 


(e) нс 50а in the presence of pyridine 
| 
(f) снєн,—{ са in the presence of pyridine 


|| 
(g) CH4COCCH, in the presence of pyridine 


Outline two synthetic schemes for the preparation of 3-methyl-1-butanol using different 
Grignard reagents. 


Give the structure of the reactant, reagent, or product omitted from each of the following. 
Show stereochemistry where important. 


OH 
H HIO, 
— ? 
(а) OH 
CH, 
: H+ 
(b 2 (adiol) —“—_- E 


O^ “сн, 


Os0,, (CH,),;COOH Р | . 

(c) 7 =  2,3-butanediol (chiral diastereomer) 
(CH,),COH, HO 

Give the reagents necessary to carry out each of the following transformations: 
(a) Conversion of benzyl alcohol (C;H;CH,OH) to benzaldehyde (C,H;CH=O) 
(b) Conversion of benzyl alcohol to benzoic acid (C;H4CO,H) 
(c) Conversion of H,C—=CHCH,CH,CO,H to H,C—=CHCH,CH,CH,OH 
(d) Conversion of cyclohexene to cis-1,2-cyclohexanediol 


Provide structures for compounds A to C in the following reaction scheme: 


K,Cr,0. сњон, H* 
А(С,Н О) m T B(C.H,O;)_ —————  C(C,H,,03) 
К 1. МАШ. 
Н”, heat 2. H,O 


A) A + CH,OH 
Н.С 
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A-8. Using any necessary organic or inorganic reagents, outline a scheme for each of the follow- 
ing conversions. 
| 
(a) (CH,),C=CHCH, (CH;),CHCCH, 
| | 
фу [>—Сн > [>—CCH,CH, 
(c) СН;СН, СеН;СН,СН,СО,СН,СН, 
PART В 
B-1.  Ethanethiol (CH,CH,SH) is a gas at room temperature, but ethanol is a liquid. The reason for 
this is 
(a) The C—S—H bonds in ethanethiol are linear. 
(b The C—O —H bonds in ethanol are linear. 
(c) Ethanol has a lower molecular weight. 
(d) Ethanethiol has a higher boiling point. 
(e)  Ethanethiol is less polar. 
B-2. Which of the following would yield a secondary alcohol after the indicated reaction, 
followed by hydrolysis if necessary? 
(a) LiAlH, + a ketone 
(b | CH4CH,MgBr + an aldehyde 
(c) 2-Вщепе + aqueous H5SO, 
(d) All of these 
B-3. What is the major product of the following reaction? 
О 
NaBH, 
9 
CH,OH " 
СОН 
ОН ОН 
(а) (с) 
CH,OH CO,H 
О ОН 
(b) (d) 
CH,OH СОСН, 
B-4. Which of the esters shown, after reduction with LiAIH, and aqueous workup, will yield two 


molecules of only a single alcohol? 
(a) CH,CH,CO,CH,CH, 

(b C<,H;CO,C,H, 

(c) СН;СО,СН,С,Н; 

(d) None of these 
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B-5. 


B-6. 


B-9. 


B-10. 
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For the following reaction, select the statement that best describes the situation. 


RCH,OH + РСС [C,H.NH*CICr0, | 


(а) The alcohol is oxidized to an acid, and the Cr(VI) is reduced. 

(b) The alcohol is oxidized to an aldehyde, and the Cr(VI) is reduced. 
(c) The alcohol is reduced to ап aldehyde, and the Cr(III) is oxidized. 
(d) The alcohol is oxidized to a ketone, and the Cr(VI) is reduced. 


What is the product from the following esterification? 


C,H,CH,CO)H + CH,CH,—'*OH ————— ? 


heat 


80 180 
| || 
(a) C4H,CH,COCH,CH, (с) C4H,CH,C—"OCH,CH, 
|| b 
(b | CH,CH,C— OCH;CH, (а) CH,CH,COCH,C,H, 


The following substance acts as a coenzyme in which of the following biological reactions? 


| 
A CNH, 
СТ (К = adenine dinucleotide) 
D 
R 
(a) Alcohol oxidation (c) Aldehyde reduction 
(b)  Ketone reduction (d) None of these 


Which of the following alcohols gives the best yield of dialkyl ether on being heated with a 
trace of sulfuric acid? 

(a)  1-Pentanol (c) Cyclopentanol 

(b) 2-Pentanol (d) 2-Methyl-2-butanol 


What is the major organic product of the following sequence of reactions? 


PBr, Mg не tn, H,O+ 
(CH,),CHCH,OH > > > Е > 9 
ie 
(a) (CH,)CHCHCH,CH, (c) (CH,),CHCH,CH,OH 
үй 
(b (СНУ,СНСН,СНСН, (d) (CH,),CHCH,CH,CH,OH 
What is the product of the following reaction? 
CH, CH, CH, 
H——OH H—— OH HO——H 
HC Jo OsO, (cat), (CH,),;COOH 
C=C, (CH,);COH, HO™ * H——OH HO——H H—— OH 
H H CH, CH, CH, 
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B-11. 


B-12. 


B-13. 


B-14. 


(a) Only 1 (d) Al:1 mixture of 2 and 3. 

(b Only 2 (e)  Al:1:1 mixture of 1, 2, and 3. 
(c) Only 3 

Which reaction is the best method for preparing (R)-2-butanol? 


О 
| 


1. LiAIH,, diethyl ether 
(a) CH,CH,CCH, 


2.H,0 


A | | 1. LIAIH,, diethyl ether 
2. H,O 


| 
(c) CH,CH,CH 


1. CH;MgBr, diethyl ether 
> 
2. H0* 


| І. СЊСНЊА, diethyl ether 
(d) CHCH уно; : 


(e) None of these would be effective. 


An organic compound B is formed by the reaction of ethylmagnesium iodide (CH,CH,MglI) 
with a substance A, followed by treatment with dilute aqueous acid. Compound B does not 
react with PCC or PDC in dichloromethane. Which of the following is a possible candidate 
for A? 


| | 
(a) CH,CH (d) CH,CH,CCH, 
(b H,C=O (e) None of these 
О 
/ N 


(c) ЊС—СН, 


Which alcohol of molecular formula C;H,,O has the fewest signals in its "C NMR 


spectrum? 
(a)  1-Pentanol (d) 3-Methyl-2-butanol 
(b) 2-Pentanol (e)  2,2-Dimethyl-1-propanol 


(c) 2-Methyl-2-butanol 


Which of the following reagents would carry out the following transformation? (D — ?H, 
the mass-2 isotope of hydrogen) 


(a) Мавр, in CH,OH 
(b) NaBD, in CH,OD 
(c) LiAIH,, then DjO 
(d) LiAID,, then DO 
(e) NaBH, in CH,OD 


400 ALCOHOLS, DIOLS, AND THIOLS 


B-15. Which sequence of steps describes the best synthesis of 2-methyl-3-pentanone? 


О 


Y^ 


2-Methyl-3-pentanone 
(a) 1-Propanol + (CH,),CHMgBr, diethyl ether 
H4O* 
PDC, CH,Cl, 
1-Propanol + Na,Cr,O,, H,SO,, H,O, heat 
SOCL, 
(СН,),СНСІ, AICI, 
1-Propanol + PCC, CH,Cl, 
(CH;),CHLi, diethyl ether 
H4O* 
Na,Cr,0,, H,SO,, H,O, heat 
2-Propanol + Na,Cr,O,, H,SO,, H,O, heat 
CH,CH,CH,Li, diethyl ether 
H4O* 
PCC, СН,СІ, 


(b) 


(c) 


(d) 


ео Буду рам а Бо рог раса ac ен мо Eos 


CHAPTER 16 
ETHERS, EPOXIDES, AND SULFIDES 


SOLUTIONS TO TEXT PROBLEMS 


16.1 (b) 


(c) 


16.2 


Oxirane is the IUPAC name for ethylene oxide. A chloromethyl group (CICH,—) is attached 
to position 2 of the ring in 2-(chloromethyl)oxirane. 


3 2 
H,C—CH, | H,C—CHCHCI 
А = 
О О 
Oxirane 2-(Chloromethyl)oxirane 


This compound is more commonly known as epichlorohydrin. 
Epoxides may be named by adding the prefix epoxy to the IUPAC name of a parent compound, 
specifying by number both atoms to which the oxygen is attached. 


CH,CH,CH=CH, | H,C—CHCH—CH, 


О 


1-Butene 3,4-Epoxy- 1-butene 


1,2-Epoxybutane and tetrahydrofuran both have the molecular formula C,H,O—that is, they are 


constitutional isomers—and so it is appropriate to compare their heats of combustion directly. Angle 
strain from the three-membered ring of 1,2-epoxybutane causes it to have more internal energy than 
tetrahydrofuran, and its combustion is more exothermic. 


H,C—CHCH,CH, 


= 


О О 
1,2-Epoxybutane; Tetrahydrofuran; 
heat of combustion 2546 kJ/mol heat of combustion 2499 kJ/mol 
(609.1 kcal/mol) (597.8 kcal/mol) 
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16.3 An ether can function only as a proton acceptor in a hydrogen bond, but an alcohol can be either a 
proton acceptor or a donor. The only hydrogen bond possible between an ether and an alcohol is 
therefore the one shown: 


R 
N 
Qn НО 
R/ ^R 
Ether Alcohol 


16.4 The compound is 1,4-dioxane; it has a six-membered ring and two oxygens separated by CH,—CH, 
units. 


O O 
МЕ 
1,4-dioxane 


(“6-crown-2”) 


16.5 Protonation of the carbon-carbon double bond leads to the more stable carbocation. 


(CH,),C=CH, + Н“ (CH,),C—CH, 


2-Methylpropene tert-Butyl cation 


Methanol acts as a nucleophile to capture tert-butyl cation. 


CH; | 
% (CH),C—OCH, 
H H 


+ зм, 
(CH,),C—CH, + ‘O 


Deprotonation of the alkyloxonium ion leads to formation of tert-butyl methyl ether. 


АЛ sf Cm Y + 
(CH),C- «CH, Ko: (CH,),COCH, + HOCH, 
H H tert-Butyl methyl ether 


16.6 Both alkyl groups in benzyl ethyl ether are primary, thus either may come from the alkyl halide in a 
Williamson ether synthesis. The two routes to benzyl ethyl ether are 


C,H,CH,ONa + CH,CH,Br C,H,CH,OCH,CH, + NaBr 


Sodium benzyloxide Bromoethane Benzyl ethyl ether Sodium 
bromide 


C,H,CHjBr + CH,CH,ONa C,H,CH,OCH,CH, + NaBr 


Benzyl bromide Sodium ethoxide Benzyl ethyl ether Sodium 
bromide 


16.7 (b) A primary carbon and a secondary carbon are attached to the ether oxygen. The secondary car- 
bon can only be derived from the alkoxide, because secondary alkyl halides cannot be used in 
the preparation of ethers by the Williamson method. The only effective method uses an allyl 
halide and sodium isopropoxide. 


(CH,),CHONa + H,C==CHCH,Br H,C=CHCH,OCH(CH,), + NaBr 


Sodium isopropoxide Allyl bromide Allyl isopropyl] ether Sodium 
bromide 


Elimination will be the major reaction of an isopropyl halide with an alkoxide base. 


16.8 


16.9 


16.10 
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(c) Here the ether is a mixed primary-tertiary one. The best combination is the one that uses the 
primary alkyl halide. 


(CHj,COK + C,H.CH,Br 


(CHj,COCH,CH, + KBr 


Potassium Benzyl bromide Benzyl tert-butyl ether Potassium 
tert-butoxide bromide 


The reaction between (CH,),CBr and C;H;CELO . is elimination, not substitution. 


CH,CH,OCH,CH, + 60, 4CO, + 5H,O 
Diethyl ether Oxygen Carbon Water 
dioxide 


(b) If benzyl bromide is the only organic product from reaction of a dialkyl ether with hydrogen 
bromide, then both alkyl groups attached to oxygen must be benzyl. 


HBr 
C,H;CH,OCH,CH,; hem 2C,H;CH,Br + H,O 
Dibenzyl ether Benzyl bromide Water 
(c) Since J mole of a dihalide, rather than 2 moles of a monohalide, is produced per mole of ether, 
the ether must be cyclic. 


C 298".  BrCH,CH,CH,CH,CH,Br + H,O 


heat 


Tetrahydropyran 1,5-Dibromopentane Water 


As outlined in text Figure 16.4, the first step is protonation of the ether oxygen to give a dialkylox- 


onium ion. 
Q a ca m [S-a + ў 


Tetrahydrofuran Hydrogen Dialkyloxonium Iodide 
iodide ion ion 


In the second step, nucleophilic attack of the halide ion on carbon of the oxonium ion gives 
4-iodo-1-butanol. 


+ 
1 + O—H 


ae; 


Iodide Dialkyloxonium 4-Iodo-1-butanol 
ion ion 


The remaining two steps of the mechanism correspond to those in which an alcohol is converted to 
an alkyl halide, as discussed in Chapter 4. 


И И би + H} = OEE Oy & чї: 
4-Iodo-1-butanol Hydrogen 
iodide 
I "m I zs 
“YS OH + ЈЕ Сү де HO 


404 


ETHERS, EPOXIDES, AND SULFIDES 


16.11 The cis epoxide is achiral. It is a meso form containing a plane of symmetry. The trans isomer is 
chiral; its two mirror-image representations are not superposable. 


'4— Plane of symmetry 


О Q Q 


Н, 
cis-2,3-Epoxybutane Nonsuperposable mirror-image 
(Plane of symmetry passes (enantiomeric) forms of 
through oxygen and midpoint trans-2,3-epoxybutane 


of carbon-carbon bond.) 


Neither the cis nor the trans epoxide is optically active when formed from the alkene. The cis epox- 
ide is achiral; it cannot be optically active. The trans epoxide is capable of optical activity but is 
formed as a racemic mixture because achiral starting materials are used. 


16.12 (b) Azide ion N—N-N:] isa good nucleophile, reacting readily with ethylene oxide to yield 
2-azidoethanol. 


H,C—CH, NaN, 
—— 
О ethanol-water N;CH,CH,OH 
Ethylene oxide 2-Azidoethanol 


(c) Ethylene oxide is hydrolyzed to ethylene glycol in the presence of aqueous base. 


H,C—CH, NaOH 


Б но HOCH,CH,OH 


Ethylene oxide Ethylene glycol 


(d) Phenyllithium reacts with ethylene oxide in a manner similar to that of a Grignard reagent. 


H,C—CH,  1CGH,Lidiethyl ether 
PRU ee eae 


5 Em C,H;CH,CH,OH 


Ethylene oxide 2-Phenylethanol 


(e) The nucleophilic species here is the acetylenic anion CH,CH,C=C: , which attacks a carbon 
atom of ethylene oxide to give 3-hexyn-1-ol. 


H,C—CH, _ NaC=CCH,CH, 
О NH; 


CH,CH,C=CCH,CH,OH 


Ethylene oxide 3-Hexyn-1-ol (48%) 


16.13 Nucleophilic attack at C-2 of the starting epoxide will be faster than attack at C-1, because C-1 is 
more sterically hindered. Compound A, corresponding to attack at C-1, is not as likely as com- 
pound B. Compound B not only arises by methoxide ion attack at C-2 but also satisfies the stereo- 
chemical requirement that epoxide ring opening take place with inversion of configuration at the 
site of substitution. Compound B is correct. Compound C, although it is formed by methoxide 
substitution at the less crowded carbon of the epoxide, is wrong stereochemically. It requires 
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substitution with retention of configuration, which is not the normal mode of epoxide ring 
opening. 


16.14  Acid-catalyzed nucleophilic ring opening proceeds by attack of methanol at the more substituted 
carbon of the protonated epoxide. Inversion of configuration is observed at the site of attack. The 
correct product is compound A. 


0 Ho: Сн, СЗ HO: CH, 
Н 
Protonated Compound A 
form of 1-methyl-1,2- 
epoxycyclopentane 


The nucleophilic ring openings in both this problem and Problem 16.13 occur by inversion of 
configuration. Attack under basic conditions by methoxide ion, however, occurs at the /ess hindered 
carbon of the epoxide ring, whereas attack by methanol under acid-catalyzed conditions occurs at 
the more substituted carbon. 


16.15 Begin by drawing meso-2,3-butanediol, recalling that a meso form is achiral. The eclipsed confor- 
mation has a plane of symmetry. 


He JH 
С—С, 
CH, CH; 


meso-2,3-Butanediol 


Epoxidation followed by acid-catalyzed hydrolysis results in anti addition of hydroxyl groups to the 
double bond. trans-2-Butene is the required starting material. 


H. CH, о О но BỌ н 
% S CH,COOH Z/N H,0* \ 2» 
C=C ———À «C—C, = “СС̧ 

Н с“ УН Н УСН, H^4 ХАН 

3 CH, Н CH, 

trans-2-Butene trans-2,3-Epoxybutane meso-2,3-Butanediol 


Osmium tetraoxide hydroxylation is a method of achieving syn hydroxylation. The necessary start- 
ing material is cis-2-butene. 


EN Ps 
OS 
o^ ^o 
H H HO OH \ / 
“С = с“ (CH4,COOH, OsO, (cat) \ a he сс 
— AU а ӨШ SN Sa СА К => 2 
H ce Ун (CH;);COH, HO ну UH HY CH 
3 3 CH, CH; CH, CH, 
cis-2-Butene meso-2,3-Butanediol 


16.16 Reaction of (R)-2-octanol with p-toluenesulfonyl chloride yields a p-toluenesulfonate ester 
(tosylate) having the same configuration; the stereogenic center is not involved in this step. Reaction 
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of the tosylate with a nucleophile proceeds by inversion of configuration in an S42 process. The 
product has the S configuration. 


H О H 
RV AN HC _ | ж` 
C—OH + Cl | CH, - C—O ў CH, 
CH,(CH,),CH, о CH,(CH,),CH, о ЫЕ 
(R)-2-Octanol p-Toluenesulfonyl (R)-1-Methylheptyl tosylate 
chloride 
H O H 
HC | X пале 2 СН, 
$ CH, + C,H,S Na C,H.s—C 
/ | \— \ 
CH(CHj),CH, Ò CH,(CH,),CH, 
(R)-1-Methylheptyl tosylate Sodium (S)-1-Methylheptyl phenyl sulfide 


benzenethiolate 


16.17 Phenyl vinyl sulfoxide lacks a plane of symmetry and is chiral. Phenyl vinyl sulfone is achiral; 
a plane of symmetry passes through the phenyl and vinyl groups and the central sulfur atom. 


| 
gsc КЕ 
CH N- СН Noc 


Phenyl vinyl sulfoxide Phenyl vinyl sulfone 
(chiral) (achiral) 


16.18 As shown in the text, dodecyldimethylsulfonium iodide may be prepared by reaction of dodecyl 
methyl sulfide with methyl iodide. An alternative method is the reaction of dodecyl iodide with 
dimethyl sulfide. 


(CH45S + CH4(CHj) CHI 


t = 
CH4(CH,),4CH5/ S (CH), I 


Dimethyl Dodecyl iodide Dodecyldimethylsulfonium 
sulfide iodide 


The reaction of a sulfide with an alkyl halide is an S42 process. The faster reaction will be the one 
that uses the less sterically hindered alkyl halide. The method presented in the text will proceed 
faster. 


16.19 The molecular ion from sec-butyl ethyl ether can also fragment by cleavage of a carbon-carbon 
bond in its ethyl group to give an oxygen-stabilized cation of m/z 87. 
ci CH>CO—CHCH,CH, ‘CH, + сн,=0—енсн,сн, 
CH, CH, 


miz 87 


16.20 All the constitutionally isomeric ethers of molecular formula С;Н О belong to one of two general 
groups: CH,0C,H, and CH,;CH,OC;H,. Thus, we have 


CH,OCH,CH,CH,CH, со НОС: 


CH, 
Butyl methyl ether sec-Butyl methyl ether 
CH,OCH,CH(CH,), CH,OC(CH,), 
Isobutyl methyl ether tert-Butyl methyl ether 


CH,CH,OCH,CH,CH, аа | CH,CH,OCH(CH,), 


Ethyl propyl ether Ethyl isopropyl ether 


ETHERS, EPOXIDES, AND SULFIDES 407 


These ethers could also have been named as “alkoxyalkanes.” Thus, sec-butyl methyl ether 
would become 2-methoxybutane. 


16.21 Isoflurane and enflurane are both halogenated derivatives of ethyl methyl ether. 


| 

Isoflurane: F—C—CH—O—CHF, 
| | 
F Cl 


1-Chloro-2,2,2-trifluoroethy] 
difluoromethyl ether 


i 
Enflurane: Cl—C—C—O— CHF, 
F F 


2-Chloro-1,1,2-trifluoroethyl 
difluoromethyl ether 


16.22 (a) The parent compound is cyclopropane. It has a three-membered epoxide function, and thus 
a reasonable name is epoxycyclopropane. Numbers locating positions of attachment (as in 
“1,2-ерохусус1оргорапе”) are not necessary, because no other structures (1,3 or 2,3) are pos- 


sible here. 


О 
Epoxycyclopropane 


(b) Тһе longest continuous carbon chain has seven carbons, and so the compound is named as a 
derivative of heptane. The epoxy function bridges C-2 and C-4. Therefore 


1 3 


H,C 5 6 7 
"X y снењен, 
ње 


is 2-methyl-2,4-epoxyheptane. 
(c) The oxygen atom bridges the C-1 and C-4 atoms of a cyclohexane ring. 


1,4-Epoxycyclohexane 


(d) Eight carbon atoms are continuously linked and bridged by an oxygen. We name the com- 
pound as an epoxy derivative of cyclooctane. 


1,5-Epoxycyclooctane 
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16.23 (а) There are three methyl-substituted thianes, two of which are chiral. 


CH, 
[Du io 
S^ “сн, $ S 
2-Methylthiane 3-Methylthiane 4-Methylthiane 
(chiral) (chiral) (achiral) 


(b) The locants in the name indicate the positions of the sulfur atoms in 1,4-dithiane and 1,3,5- 


trithiane. 
A 575 
В чш 


1,4-Dithiane 1,3,5-Trithiane 


(c)  Disulfides possess two adjacent sulfur atoms. 1,2-Dithiane is a disulfide. 


D 


S 
1,2-Dithiane 


(d) Two chair conformations of the sulfoxide derived from thiane are possible; the oxygen atom 
may be either equatorial or axial. 


+ 


Lao = “4 


16.24 Intramolecular hydrogen bonding between the hydroxyl group and the ring oxygens is possible 
when the hydroxyl group is axial but not when it is equatorial. 


—Н. 


Oy, 
Ö-A 


O 


| 


ey eee 


Less stable conformation; More stable conformation; 
no intramolecular stabilized by 
hydrogen bonding hydrogen bonding 


16.25 The ethers that are to be prepared are 
CH,OCH,CH,CH, _ CH,OCH(CH;), and | CH,CH,OCH,CH, 
Methyl propyl ether Isopropyl methyl ether Diethyl ether 


First examine the preparation of each ether by the Williamson method. Methyl propyl ether can be 
prepared in two ways: 


CH,ONa + CH,CH,CH,Br CH,OCH,CH,CH, 
Sodium 1-Bromopropane Methyl propyl ether 

methoxide 

CH,Br + CH,CH,CH,ONa CH,OCH,CH,CH, 
Methyl Sodium propoxide Methyl propyl ether 


bromide 
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Either combination is satisfactory. The necessary reagents are prepared as shown. 


Na 


CH,OH CH,ONa 
Methanol Sodium 
methoxide 
PBr, 
CH,CH,CH,OH "(orHBD ^ CH,CH,CH,Br 
1-Propanol 1-Bromopropane 
PBr, 
CH,0H (orHBn ^ CH,Br 
Methanol Methyl 
bromide 
CH,CH,CH,OH CH,CH,CH,ONa 
1-Propanol Sodium propoxide 
Isopropyl methyl ether is best prepared by the reaction 
CH,Br +  (CH,),CHONa CH,OCH(CH,), 
Methyl bromide Sodium isopropoxide Isopropyl methyl ether 


The reaction of sodium methoxide with isopropyl bromide will proceed mainly by elimination. 
Methyl bromide is prepared as shown previously; sodium isopropoxide can be prepared by adding 
sodium to isopropyl alcohol. 

Diethyl ether may be prepared as outlined: 


CH,CH,OH CH,CH,ONa 
Ethanol Sodium ethoxide 
PBr, 
CH,CH,OH -pmp СН.СН,Вг 
Ethanol Ethyl bromide 
CH,CH,ONa + CH,CH,Br CH,CH,OCH,CH, + NaBr 
Sodium ethoxide Ethyl bromide Diethyl ether Sodium 


bromide 


16.26 (a) Secondary alkyl halides react with alkoxide bases by E2 elimination as the major pathway. 
The Williamson ether synthesis is not a useful reaction with secondary alkyl halides. 


RCH CHEK, + (уз CH, CH CHEE, + ( ) + NaBr 


ONa OH 


Sodium 2-butanolate | Bromocyclohexane 2-Butanol Cyclohexene Sodium 
bromide 


(b) Sodium alkoxide acts as a nucleophile toward iodoethane to yield an alkyl ethyl ether. 


CH,CH, CH; CH,CH, CH; 
СО ма“ + CH,CHJI C—OCH,CH, 
H H 
(R)-2-Ethoxybutane 
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The ether product has the same absolute configuration as the starting alkoxide because no 
bonds to the stereogenic center are made or broken in the reaction. 
(c) Места! halohydrins are converted to epoxides on being treated with base. 


CH.CHCHCHBr “99. CH,CHCH—CH, CBr > CH,CH,CH-CH 

3 2 | 2: 3 2 | 2 3 2 X. / 2 
OH :0:= О 

1-Bromo-2-butanol 1,2-Epoxybutane 


(d) The reactants, an alkene plus a peroxy acid, are customary ones for epoxide preparation. The 
reaction is a stereospecific syn addition of oxygen to the double bond. 


O O 
с=с E + ( \ Loon Q es + bon 
Ke UN 


H H нон 
(Z)-1-Phenylpropene Peroxybenzoic acid cis-2-Methyl-3- Benzoic acid 
phenyloxirane 


(e) Azide ion is a good nucleophile and attacks the epoxide function. Substitution occurs at carbon 
with inversion of configuration. The product is trans-2-azidocyclohexanol. 


¿H 
N NaN; 
О ieee 
“iy, 10xane—water 
н 
1,2-Ерохусус1оһехапе trans-2- 


Azidocyclohexanol (61%) 


(f) Ammonia is a nucleophile capable of reacting with epoxides. It attacks the less hindered car- 
bon of the epoxide function. 


Br NH, Br 
methanol „МАН, 
С 
нс“ "oH 
2-(o-Bromophenyl)-2- 1-Amino-2-(o-bromophenyl)- 
methyloxirane 2-propanol 


Aryl halides do not react with nucleophiles under these conditions, and so the bromine sub- 
stituent on the ring is unaffected. 

(e) Methoxide ion attacks the less substituted carbon of the epoxide ring with inversion of 
configuration. 


OCH, 
p ae 
7 аон 
“СН,С,Н 


А Сн,С,Н, 


1-Benzyl-1,2- 1-Benzyl-trans-2- 
epoxycyclohexane methoxycyclohexanol (98%) 


ETHERS, EPOXIDES, AND SULFIDES 411 


(h) Under acidic conditions, substitution is favored at the carbon that can better support a positive 
charge. Aryl substituents stabilize carbocations, making the benzylic position the one that is 
attacked in an aryl substituted epoxide. 


Cl 
НСІ | 
CH-CH, — сна, ” CHCH,OH 
7 
О 
2-Phenyloxirane 2-Chloro-2-phenylethanol (71%) 


(i)  Tosylate esters undergo substitution with nucleophiles such as sodium butanethiolate. 


CH,(CH,),,CH,OTs + CH,CH,CH,CH,SNa CH,CH,CH,CH,SCH,(CH,), CH; 


Octadecyl tosylate Sodium butanethiolate Butyl octadecyl sulfide 


(j) Nucleophilic substitution proceeds with inversion of configuration. 


C,H; СН; 
H——CH, H——CH, 
С;Н;87 Ма“ 
CI ——H ” H—— SCH, 
C,H; C,H; 


16.27 Oxidation of 4-tert-butylthiane yields two sulfoxides that are diastereomers of each other. 


O 


|. 


$ Маю 5: Sic 
s О 
снос снос + un 


4-tert-Butylthiane 


| 
2+ 
ЗЫ дз 
О 
(CH C Lo 


Oxidation of both stereoisomeric sulfoxides yields the same sulfone. 


16.28 Protonation of oxygen to form an alkyloxonium ion is followed by loss of water. The resulting car- 
bocation has a plane of symmetry and is achiral. Capture of the carbocation by methanol yields both 
enantiomers of 2-methoxy-2-phenylbutane. The product is racemic. 


СН.СН, CH; CH,CH, CH; CH;CH;CH, 
2 + Е -H,O = 
C—OH Нн б—0н, ME К) | 
CoH СН; СН; 
(R)-(+)-2-Phenyl-2-butanol (Achiral carbocation) 
CH,OH 
(=н?) 
CH,CH, CH, ey CH,CH, 
C—OCH, + CH,O—C 
/ Í СИК" 
Сен; CH; 


2-Methoxy-2-phenylbutane (racemic) 
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16.29 


16.30 


16.31 
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The proper approach to this problem is to first write the equations in full stereochemical detail. 


(a) H 
FACH p CH, 
NU eed HOCH,—C 
O \ 
OH 
(R)-1,2-Epoxypropane (R)-1,2-Propanediol 


It now becomes clear that the arrangement of groups around the stereogenic center remains un- 
changed in going from starting materials to products. Therefore, choose conditions such that the nu- 
cleophile attacks the CH, group of the epoxide rather than the stereogenic center. Base-catalyzed 
hydrolysis is required; aqueous sodium hydroxide is appropriate. 


H H 
О S ‚АОН Ке, E А93 
но H,C—C OH HOCH,—C 
N 
Go OH 


The nucleophile (hydroxide ion) attacks the less hindered carbon of the epoxide ring. 


(b) H он 
RE. HOCH, —C;, 

О Н 

CH, 


(S)-1,2-Propanediol 


Inversion of configuration at the stereogenic center is required. The nucleophile must therefore at- 
tack the stereogenic center, and acid-catalyzed hydrolysis should be chosen. Dilute sulfuric acid 
would be satisfactory. 


:ӦН, 
Н 
E СНз H,O pa 
HCC mso * HOCH,—G, y 
- CH, 
H 


The nucleophile (a water molecule) attacks that carbon atom of the ring that can better support a 
positive charge. Carbocation character develops at the transition state and is better supported by the 
carbon atom that is more highly substituted. 


The key intermediate in the preparation of bis(2-chloroethyl) ether from ethylene is 2-chloroethanol, 
formed from ethylene by reaction with chlorine in water. Heating 2-chloroethanol in acid gives the 
desired ether. 


CL, H,O H*, heat 
H,C—CH, > CICH,CH,OH + CICH,CH,OCH,CH,CI 


Ethylene 2-Chloroethanol Bis(2-chloroethyl) ether 


(a) There is a temptation to try to do this transformation in a single step by using a reducing agent 
to convert the carbonyl to a methylene group. No reagent is available that reduces esters in this 
way! The Clemmensen and Wolff-Kishner reduction methods are suitable only for aldehydes 
and ketones. The best way to approach this problem is by reasoning backward. The desired 
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product is an ether. Ethers can be prepared by the Williamson ether synthesis involving an 
alkyl halide and an alkoxide ion. 


{ \-crocn, > {У сих + CH 
{_у—сносн, [> ( \-cug: + CH,X 


Both the alkyl halide and the alkoxide ion are prepared from alcohols. The problem then be- 
comes one of preparing the appropriate alcohol (or alcohols) from the starting ester. This is 
readily done using lithium aluminum hydride. 


or 


O 
| 1. LiAIH, 
COCH, уно CH,OH + CH,OH 
Methyl benzoate Benzyl alcohol Methanol 
Then 
CH,OH CH,ONa 
Methanol Sodium 
methoxide 
HBr 
Benzyl alcohol Benzyl bromide 
and 
=“ + NaOCH, — {У сњосн, + NaBr 
Benzyl bromide Sodium Benzyl methyl ether 
methoxide 


The following sequence is also appropriate once methanol and benzyl alcohol are obtained by 
reduction of methyl benzoate: 


Na 
{_у—снон {сном 


Benzyl alcohol Sodium benzyloxide 
PBr, 
CHOH = — CH,Br 
Methanol Bromomethane 


and 


{сном +  CHjBr —— {_Уу—сноснң, + NaBr 


Sodium benzyloxide Bromomethane Benzyl methyl ether 
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(b) АП the methods that we have so far discussed for the preparation of epoxides are based on 
alkenes as starting materials. This leads us to consider the partial retrosynthesis shown. 


Ce, > Qu, СР Cho 
mm = C.H; 


Target molecule Key intermediate 


The key intermediate, 1-phenylcyclohexene, is both a proper precursor to the desired epoxide 
and readily available from the given starting materials. A reasonable synthesis is 


| 
Ht CH,COOH 
и —————- О 
| Lox heat CX du. 
CH CH, 


C,H, 6775 


Preparation of the required tertiary alcohol, 1-phenylcyclohexanol, completes the synthesis. 


OH O 
K,Cr,0, 
— 
H,SO,, H,O 


Cyclohexanol Cyclohexanone 
C.H; 
1. Mg, diethyl ether OH 
=> 
СоН5Вг 2. cyclohexanone CT 
3.H,0* 
Bromobenzene 1-Phenylcyclohexanol 


(c) The necessary carbon skeleton can be assembled through the reaction of a Grignard reagent 
with 1,2-epoxypropane. 


OH O 


| 
C.H,CH,CHCH, > CH; + H,C—CHCH, 


The reaction sequence is therefore 


C,H;MgBr + H,C—CHCH, стаи 
S ÓH 
Phenylmagnesium 1,2-Epoxypropane 1-Phenyl-2-propanol 


bromide 
(from bromobenzene 
and magnesium) 


The epoxide required in the first step, 1,2-epoxypropane, is prepared as follows from iso- 


propyl alcohol: 
О 
H,SO, сн, оон 
CH,CHCH, — CH,CH=CH, - CH,CH-CH, 
бн o 
2-Propanol Propene 1,2-Epoxypropane 


(isopropyl alcohol) 
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Because the target molecule is an ether, it ultimately derives from two alcohols. 


C H,CH,CH,CH,OCH,CH, > C,H,CH,CH,CH,OH + CH,CH,OH 


Our first task is to assemble 3-phenyl-1-propanol from the designated starting material benzyl 
alcohol. This requires formation of a primary alcohol with the original carbon chain extended 
by two carbons. The standard method for this transformation involves reaction of a Grignard 
reagent with ethylene oxide. 


РВг; 1. Mg, diethyl ether 
=> 
CECH OW а n ег C,H;CH,CH,CH,OH 
\/ 
О 
3. H,0* 
Benzyl alcohol Benzyl bromide 3-Phenyl-1-propanol 


After 3-phenyl-1-propanol has been prepared, its conversion to the corresponding ethyl 
ether can be accomplished in either of two ways: 


PBr, NaOCH,CH, 
C,H,CH,CH,CH,OH — ны» C,H,CH,CH,CH,Br T C,H,CH,CH,CH,OCH,CH, 
3-Phenyl-1-propanol 1-Bromo-3-phenylpropane Ethyl 3-phenylpropyl ether 


(1-ethoxy-3-phenylpropane) 
or alternatively 
1. Na 
C,H;CH,CH,CH,OH T CHCH,Br C,H,CH,CH,CH,OCH,CH, 
3-Phenyl-1-propanol Ethyl 3-phenylpropyl ether 


The reagents in each step are prepared from ethanol. 


CH,CH,OH CH,CH,ONa 
Ethanol Sodium ethoxide 
PBr, 
CH,CHjOH —— >”  CH,CHjBr 
Ethanol Ethyl bromide 


The target epoxide can be prepared in a single step from the corresponding alkene. 


| 
CH,COOH 
= 
О 
Bicyclo[2.2.2]oct-2-ene 2,3-Epoxybicyclo[2.2.2]octane 


Disconnections show that this alkene is available through a Diels—Alder reaction. 


> C + H,C=CH, 
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The reaction of 1,3-cyclohexadiene with ethylene gives the desired substance. 


С) +  H,C—CH, 


1,3-Cyclohexadiene Ethylene Bicyclo[2.2.2]oct-2-ene 


1,3-Cyclohexadiene is one of the given starting materials. Ethylene is prepared from ethanol. 


HSO, 
CH,CH,OH > H,C=CH, 


heat 


Ethanol Ethylene 


(f) Retrosynthetic analysis reveals that the desired target molecule may be prepared by reaction 
of an epoxide with an ethanethiolate ion. 


£N 
CH. CHCH;SCH,CH, 6; CH,CH-CH, + ~SCH,CH, 
OH 


Styrene oxide may be prepared by reaction of styrene with peroxyacetic acid. 


O 


[e 
[ JN 
CH,CH-CH, + CH,CO,H 


C,H,CH—CH, + CH,COOH 


Styrene Peroxyacetic Styrene oxide Acetic acid 
acid 


The necessary thiolate anion is prepared from ethanol by way of the corresponding thiol. 


1. HBr 
2. (HN), C=S NaOH 
CH,CH,OH == CH,CH,SH CH,CH,SNa 
Ethanol Ethanethiol Sodium ethanethiolate 


Reaction of styrene oxide with sodium ethanethiolate completes the synthesis. 


О OH 
i CH,CH,OH | 
C.H,CH-CH, + CH,CH,SNa —~——>  C,H,CHCH,SCH,CH, 
Styrene oxide Sodium 
ethanethiolate 


16.32 (a) A reasonable mechanism is one that parallels the usual one for acid-catalyzed ether formation 
from alcohols, modified to accommodate these particular starting materials and products. 
Begin with protonation of one of the oxygen atoms of ethylene glycol. 


К 
чооон ан + HSO, 


Ethylene glycol H 


HOCH,CH,OH + H,SO, 


The protonated alcohol then reacts in the usual way with another molecule of alcohol to give 
an ether. (This ether is known as diethylene glycol.) 


oe -H,O -H* 
HOCH,CH, б H - HOCH,CH, 


HOCH,CH,—O*—-H Diethylene glycol 


HOCH,CH,OCH,CH,OH 


sH 
HOCH,CH,OH 
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Diethylene glycol then undergoes intramolecular ether formation to yield 1,4-dioxane. 


М 
HOCH,CH,OCH,CH,OH + H,SO, нови носи в + HSO, 


H 
H 
сн,сн,Сб CH,CH 
So PNR oN -H,O а ERN E -H+ / \ 
о Jünn X DOH а о 
CH,CH; CH,CH, \_/ 


(b) The substrate is a primary alkyl halide and reacts with aqueous sodium hydroxide by nucle- 
ophilic substitution. 


H,O 


CICH,CH,OCH,CH,CI + но“ HOCH,CH,OCH,CH,CI + СГ 


Bis(2-chloroethyl) ether 
The product of this reaction now has an alcohol function and a primary chloride built into the 


same molecule. It contains the requisite functionality to undergo an intramolecular 
Williamson reaction. 


HOCH,CH,OCH,CH,C| + НОТ === ~OCH,CH,OCH,CH,CI + H,O 
о 
H,C^ “н, О 
| | 2—3 | ) + а 
нс. НЯ о 


1,4-Dioxane 


16.33 (а) The first step is a standard Grignard synthesis of a primary alcohol using formaldehyde. 
Compound A is 3-buten-1-ol. 


1. М; 
H,C—CHCH,Br нео” Н›С=СНСН,СН,ОН 
3. Н,О+ 
Allyl bromide 3-Buten-1-ol (compound A) 


Addition of bromine to the carbon-carbon double bond of 3-buten-1-ol takes place readily to 
yield the vicinal dibromide. 


H,C=CHCH,CH,OH ко Енен OH 
Вг 
3-Buten-1-ol 3,4-Dibromo-1-butanol 
(compound B) 


When compound B is treated with potassium hydroxide, it loses the elements of HBr to give 
compound C. Because further treatment of compound C with potassium hydroxide converts it 
to D by a second dehydrobromination, a reasonable candidate for C is 3-bromotetrahydrofuran. 


KOH KOH 
BrCH,CHCH,CH,OH EET CÓ | \ рер / ) 
eat 
| О О 
Вг 
3,4-Dibromo- 1 -Ббшапој 3-Bromotetrahydrofuran Compound D 


(compound B) (compound C) 
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Ring closure occurs by an intramolecular Williamson reaction. 


Br Br 
юн г) EO 
BrCH,CHCH,CH,OH Вг--СН; CH, 
| n0 O 
Br ee 
Compound B Compound C 


Dehydrohalogenation of compound C converts it to the final product, D. 
The alternative series of events, in which double-bond formation proceeds ring closure, is 
unlikely, because it requires nucleophilic attack by the alkoxide on a vinyl bromide. 


KOH a KOH / 
PrO НОЕ ОН BrCH=CHCH,CH,OH == Вг 
О 


Br Е 


(Cyclization of this 
intermediate 
does not occur.) 


(b) Lithium aluminum hydride reduces the carboxylic acid to the corresponding primary alcohol, 


compound E. Treatment of the vicinal chlorohydrin with base results in formation of an epox- 
ide, compound F. 


CO,H CH,OH u.c H О 
с-н eee. с [нң = “Seon CE «ен 
| 2.H,0 | 55 / 2 Ho Hy 2 
CH, CH; Cl Н.С 
(S)-2-Chloro- 1-propanol (К)-1,2-Ерохургорапе 
(compound E) (compound F) 


As actually carried out, the first step proceeded in 56-58% yield, the second step in 65-70% 
yield. 

(c) Treatment of the vicinal chlorohydrin with base results in ring closure to form an epoxide 
(compound С). Recall that attack occurs on the side opposite that of the carbon-chlorine 


bond. Compound G undergoes ring opening on reaction with sodium methanethiolate to give 
compound H. 


CH, 
H,C 
HO 3Y H O, 
EU “ш QE m > 
OH =. ноу Ñ HY NCH, 
H, Cl H,C H 
CH, 
(2R,3S)-3-Chloro-2-butanol trans-2,3-Epoxybutane 
(compound G) 
О но ЊЕ 
А s NaSCH, hs é H 
H AW "СН Н Му 
нс ‘a? н,“ Мен, 


Compound G Compound H 
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(d) Because it gives an epoxide on treatment with a peroxy acid, compound I must be an alkene; 
more specifically, it is 1,2-dimethylcyclopentene. 


C,H,;CO,0H Н.С C CH, 


нс бн, О 
1,2-Dimethylcyclopentene 1,2-Dimethyl-1,2- 
(compound I) epoxycyclopentane 


(compound K) 


Compounds J and L have the same molecular formula, C-H,40,, but J is a liquid and Lis a crys- 
talline solid. Their molecular formulas correspond to the addition of two OH groups to 
compound I. Osmium tetraoxide brings about syn hydroxylation of an alkene; therefore com- 
pound J must be the cis diol. 


OsO, 
— 
(CH,),COOH H,C CH, 
(CH,);COH, HO™ 
Н.С СН, НО ОН 
1,2-Dimethylcyclopentene cis-1,2-Dimethylcyclopentane- 
(compound I) 1,2-diol (compound J) 


Acid-catalyzed hydrolysis of an epoxide yields a trans diol (compound L): 


H,SO, 
H,O 
HC”: = OH 


Н.С О CH, HO CH, 


trans-1,2-Dimethylcyclopentane- 
1,2-diol (compound L) 


16.34  Cineole contains no double or triple bonds and therefore must be bicyclic, on the basis of its molecu- 
lar formula (C,)H,,O0, index of hydrogen deficiency = 2). When cineole reacts with hydrogen 
chloride, one of the rings is broken and water is formed. 


q! 
H,C—C—CH, 
Cineole + 2НС1 + HO 
Cl CH; 
(C,H О) (Ср Сљ) 


The reaction that takes place is hydrogen halide-promoted ether cleavage. In such a reaction with 
excess hydrogen halide, the C—O—C unit is cleaved and two carbon-halogen bonds are formed. 
This suggests that cineole is a cyclic ether because the product contains both newly formed 
carbon-halogen bonds. A reasonable structure consistent with these facts is 


НС — CH, 
О 


CH, 


Cineole 
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Recall that p-toluenesulfonate (tosylate) is a good leaving group in nucleophilic substitution reac- 
tions. The nucleophile that displaces tosylate from carbon is the alkoxide ion derived from the hy- 
droxyl group within the molecule. The product is a cyclic ether, and the nature of the union of the 
two rings is that they are spirocyclic. 


:OH 


as / с 
IA CH,CH,CH,OTs . bae ^| 7294 intramolecular 
C,H С Н; nucleophilic 


6273 


(a) 


(b) 


(c) 


(d) 


C.H; 


substitution 


C,,H,,O 


15 20 


Because all the peaks in the 'H NMR spectrum of this ether are singlets, none of the protons 
can be vicinal to any other nonequivalent proton. The only С.Н О ether that satisfies this re- 
quirement is fert-butyl methyl ether. 


Singlet at оти Singlet at 


6 3.2 ppm 6 1.2 ppm 


A doublet-septet pattern is characteristic of an isopropyl group. Two isomeric С.Н О ethers 
contain an isopropyl group: ethyl isopropyl ether and isobutyl methyl ether. 


(CH,),CHOCH,CH, | (CH,),CHCH,OCH, 
Ethyl isopropyl ether Isobutyl methyl ether 


The signal of the methine proton in isobutyl methyl ether will be split into more than a septet, 
however, because in addition to being split by two methyl groups, it is coupled to the two pro- 
tons in the methylene group. Thus, isobutyl methyl ether does not have the correct splitting 
pattern to be the answer. The correct answer is ethyl isopropyl ether. 

The low-field signals are due to the protons on the carbon atoms of the C—O—C linkage. 
Because one gives a doublet, it must be vicinal to only one other proton. We can therefore 
specify the partial structure: 


Low-field 
doublet 


This partial structure contains all the carbon atoms in the molecule. Fill in the remaining va- 
lences with hydrogen atoms to reveal isobutyl methyl ether as the correct choice. 


H,C—O—CH,—CH(CH,), 
Low-field singlet Low-field doublet 


Here again, signals at low field arise from protons on the carbons of the C—O—C unit. 
One of these signals is a quartet and so corresponds to a proton on a carbon bearing a methyl 


group. 
Ls 
H 
Quartet 


16.37 


16.38 


16.39 
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The other carbon of the C—O—C unit has a hydrogen whose signal is split into a triplet. This 
hydrogen must therefore be attached to a carbon that bears a methylene group. 


H,C—C—O—C—CH, 


| | 
H H 


Quartet Triplet 


These data permit us to complete the structure by adding an additional carbon and the 
requisite number of hydrogens in such a way that the signals of the protons attached to the 
carbons of the ether linkage are not split further. The correct structure is ethyl propyl] ether. 


CH,CH,OCH,CH,CH, 
Quartet Triplet 


A good way to address this problem is to consider the dibromide derived by treatment of compound 
A with hydrogen bromide. The presence of an NMR signal equivalent to four protons in the aro- 
matic region at 6 7.3 ppm indicates that this dibromide contains a disubstituted aromatic ring. The 
four remaining protons appear as a sharp singlet at 6 4.7 ppm and are most reasonably contained in 
two equivalent methylene groups of the type ArCH,Br. Because the dibromide contains all the 
carbons and hydrogens of the starting material and is derived from it by treatment with hydrogen 
bromide, it is likely that compound A is a cyclic ether in which a CH,OCH, unit spans two of the 
carbons of a benzene ring. This can occur only when the positions involved are ortho to each other. 


Therefore 
CH, СН,Вг 
CL 0 + 2HBr Cx + HO 
сну СН,Вг 


ô 5.1 ppm 


6 4.7 ppm 
Compound A 


The molecular formula of a compound (C,,)H,,BrO) indicates an index of hydrogen deficiency of 4. 
One of the products obtained on treatment of the compound with HBr is benzyl bromide 
(С.Н;СН,Вг), which accounts for seven of its ten carbons and all the double bonds and rings. Thus, 
the compound is a benzyl ether having the formula C,H;CH,OC;H,Br. Тһе Н NMR spectrum in- 
cludes a five-proton signal at 6 7.4 ppm for a monosubstituted benzene ring and a two-proton singlet 
at 6 4.6 ppm for the benzylic protons. This singlet appears at low field because the benzylic protons 
are bonded to oxygen. 


HBr 
heat 


C,H;CH,OC,H,Br C,H;CH,Br + C,H,Br, 

The 6 remaining protons appear as two overlapping 2-proton triplets at 6 3.6 and 3.7 ppm, along 
with a 2-proton pentet at 6 2.2 ppm, consistent with the unit —OCH,CH,CH,Br. The compound is 
C,H,CH,OCH,CH,CH,Br. 


The high index of hydrogen deficiency (5) of the unknown compound C,H,,O and the presence of 
six signals in the 120—140-ppm region of the ^C NMR spectrum suggests the presence of an aro- 
matic ring. The problem states that the compound is a cyclic ether, thus the oxygen atom is con- 
tained in a second ring fused to the benzene ring. As oxidation yields 1,2-benzenedicarboxylic acid, 
the second ring must be attached to the benzene ring by carbon atoms. 


C COH 
Na,Cr,0, 
ee H,SO,, H,O, heat СТ 
C COH 


(СНО) 1,2-Benzenedicarboxylic acid 
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Two structures are possible with this information; however, only one of them is consistent with 
the presence of three CH, groups in the ^C NMR spectrum. The compound is 


С 6 68 ppm CH, 
О 
not O 
5 Ao 65 ppm 
6 28 ppm 


Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man- 
ual. You should use Learning By Modeling for these exercises. 


PART A 


А-1. Write the structures of all the isomeric ethers of molecular formula С.Н оО, and give the cor- 


rect name for each. 


A-2. Give the structure of the product obtained from each of the following reactions. Show stereo- 
chemistry where it is important. 
CH, 
H ! 
N 1. Na CH,CH,SNa 
(a) CH,CH yy OH “year” ? (d) О истон 
CH, I 
CH, 
| 
1. CH,COOH CH,CH,Br 
(b) | (Z)-2-butene x (e) С;Н;8Ма — —— 
2.H40 
О 
/\ at NalO, 
(c) C,H,CH-CH, ? (f) Product of part (e) ———— ? 


A-3. 
A-4. 


Outline a scheme for the preparation of cyclohexyl ethyl ether using the Williamson method. 


Outline a synthesis of 2-ethoxyethanol, CH,CH,OCH,CH,OH, using ethanol as the source 
of all the carbon atoms. 


A-5. Provide the reagents necessary to complete each of the following conversions. In each case 


give the structure of the intermediate product. 


HQ Br HO SCH; 
(a) is SS d eR hg 
CH C 


3 


H 
O4 А 
(р) ie Fl » үр. 


А-6. 


1. АН, 
2. H,O 


A(C,H,O) + CH,OH 


1. Na 


A 3 CH,CHGI В (C,H,,0) 
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A-7. Using any necessary organic or inorganic reagents, provide the steps to carry out the follow- 
ing synthetic conversion: 


О H,Q OH 
< АОН 


A-8. Give the final product, including stereochemistry, of the following reaction sequence: 


Br, NaOH NH, 
> > > 9 
H,O H,O H,O У 
H,C 


PART B 


B-1. Ап acceptable IUPAC name of the compound shown is 


OCH,CH, 


| 
CH,CH,CHCH,CHCH, 


| 
CH, 


(a) 1-Benzyl-3-methylpentyl ethyl ether 
(b) Ethyl 3-methyl-1-methylphenyl-2-hexyl ether 
(c) Ethyl 4-methyl-1-phenyl-2-hexyl ether 
(d)  5-Ethoxy-3-methyl-6-phenylhexane 
B-2. The most effective pair of reagents for the preparation of tert-butyl ethyl ether is 
(a) Potassium fert-butoxide and ethyl bromide 
(b) Potassium fert-butoxide and ethanol 
(c) Sodium ethoxide and tert-butyl bromide 
(d)  tert-Butyl alcohol and ethyl bromide 


B-3. The best choice of reactant(s) for the following conversion is 


CH, 
Еще: 
CH, OH OH OH 
ec Cr ing, DES 
OH хон “Br “Br 
) (b) ) (d) 


(a (c 


B-4. For which of the following ethers would the 'H NMR spectrum consist of only two singlets? 


CH, 
| О 

(а) ке, (с) CH, 
CH, CH; 


(b) CH,OCH,CH,OCH, (d) All these 
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B-5. Heating a particular ether with HBr yielded a single organic product. Which of the follow- 
ing conclusions may be reached? 
(a) The reactant was а methyl ether. 
(b) The reactant was a symmetric ether. 
(c) The reactant was a cyclic ether. 
(d) Both (b) and (с) are correct. 


B-6. Treating anisole (C;H;OCH;) with the following reagents will give, as the major product, 
І. (CH34CCI, AICL,; 2. Cb, FeCl,; 3. HBr, heat 


OH OCH, OH 
Br Br Cl 
(a) (c) (e) 
C(CH4), C(CH4), С(СН,); 
Вг Вг 
Вг СІ 
(b) (d) 
C(CH4), C(CH), 


B-7. What is the product of the following reaction? 


(НЕ thanol 
\/ + NaSCH, — ? 
Ü 3 


(a) CH,SCH,CHC(CH)) (с) сше нос); 
OH OCH,CH, 
(b) (CH), CCHCH,OH (d) (CH) CCH,CHSCH, 
SCH, OH 


B-8. Identify product Z in the following reaction sequence: 


О 
H, Н,80, ea eee 
HOCH,—C=C— CH,,CH,OH аара * X ЕТО. У ——— 2 Z 
| 
HQ OH ОССН, О 
(а) (b) (c) 
О 
| || | 
CH,COCH, CH,CH,OCCH, ee cece 7H 5 
C=C C=C | 
ГА 
н \н H \CH,CH,OCCH, 


(d) (e) 
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B-9. The major product of the following sequence is 


CH, 
Bry CH,CH,OK 
CX light б 
Вг 
CH, CH,OCH,CH, 
„© "Ie: 
OCH,CH, Br 


CH,Br CH,OCH,CH, 


(b) (e) 
OCH,CH, OCH,CH, 


OCH,CH, 
wt 
Br 


B-10. Which of the following best represents the rate-determining transition state for the reaction 


shown? 
{ом + CHBr ——— 
Нн HH 
8— E 8— АЕ 8— 
(a) Bre- а (d) Bre ү, MM 64 \ 
H H 
6— 
Hy uH Вг 
5+ 8— =» а 


(b Ма———Вг———Сб+ О < з 


CHAPTER 17 


ALDEHYDES AND KETONES: NUCLEOPHILIC 
ADDITION TO THE CARBONYL GROUP 


SOLUTIONS TO TEXT PROBLEMS 


171 (b) 


(c) 


(d) 
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The longest continuous chain in glutaraldehyde has five carbons and terminates in aldehyde 
functions at both ends. Pentanedial is an acceptable IUPAC name for this compound. 


О 
| | 2 3 4 | | 
HCCH,CH,CH,CH 


Pentanedial (glutaraldehyde) 


The three-carbon parent chain has a double bond between C-2 and C-3 and a phenyl sub- 
stituent at C-3. 


x. x 
C,H,CH—CHCH 


3-Phenyl-2-propenal 
(cinnamaldehyde) 


Vanillin can be named as a derivative of benzaldehyde. Remember to cite the remaining sub- 


stituents in alphabetical order. 
| 


CH,O 


4-Hydroxy-3-methoxybenzaldehyde 
(vanillin) 


17.2 


ALDEHYDES AND KETONES: NUCLEOPHILIC ADDITION TO THE CARBONYL GROUP 427 


(b) 


(c) 


(d) 


First write the structure from the name given. Ethyl isopropyl ketone has an ethyl group and 
an isopropyl group bonded to a carbonyl group. 


| 
с HORS 
CH, 


Ethyl isopropyl ketone may be alternatively named 2-methyl-3-pentanone. Its longest contin- 
uous chain has five carbons. The carbonyl carbon is C-3 irrespective of the direction in which 
the chain is numbered, and so we choose the direction that gives the lower number to the po- 
sition that bears the methyl group. 

Methyl 2,2-dimethylpropyl ketone has a methyl group and a 2,2-dimethylpropyl group 
bonded to a carbonyl group. 


|| 
кєр 
CH, 
The longest continuous chain has five carbons, and the carbonyl carbon is C-2. Thus, methyl 


2,2-dimethylpropyl ketone may also be named 4,4-dimethyl-2-pentanone. 
The structure corresponding to allyl methyl ketone is 


| 
CH,CCH,CH=CH, 


Because the carbonyl group is given the lowest possible number in the chain, the substitutive 
name is 4-penten-2-one not 1-penten-4-one. 


No. Lithium aluminum hydride is the only reagent we have discussed that is capable of reducing 
carboxylic acids (Section 15.3). 


The target molecule, 2-butanone, contains four carbon atoms. The problem states that all of the car- 
bons originate in acetic acid, which has two carbon atoms. This suggests the following 


disconnections: 
О ОН O 
A LL UE CHORO [ ui + :CH,CH, 
2-Butanone 


The necessary aldehyde (acetaldehyde) is prepared from acetic acid by reduction followed by 
oxidation in an anhydrous medium. 


1. ШАІН, PDC | 
но CH,CH,OH 


CH,CO,H 


Acetic acid Ethanol Acetaldehyde 


Ethylmagnesium bromide may be obtained from acetic acid by the following sequence: 


HBr or Mg 


CH,CH,OH PBr, CH,CH,Br “diethyl ether CH,CH,MgBr 
Ethanol Ethyl bromide Ethylmagnesium 
(Prepared as bromide 


previously) 
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The preparation of 2-butanone is completed as follows: 


О OH О 
| | 1. diethyl ether | K;Cr;O; | | 
CH,CH + CH,CH,MgBr но CH,CHCH,CH, тоно" CHsCCH,CH, 
Acetaldehyde Ethylmagnesium 2-Butanol 2-Butanone 


bromide 


O 


Стога! is trichloroethanal, CCL,CH. Chloral hydrate is the addition product of chloral and water. 


Chloral hydrate 


Methacrylonitrile is formed by the dehydration of acetone cyanohydrin, and thus has the structure 
shown. 


OH 
| H*, heat = 
о. ы nee 
CN CN 
Acetone Methacrylonitrile 
cyanohydrin 


The overall reaction is 


НСІ 


|| 
C,H,CH + 2CH,CH,OH C,H.(OCH,CH,), + H,O 


Benzaldehyde Ethanol Benzaldehyde Water 
diethyl acetal 


НСІ is a strong acid and, when dissolved in ethanol, transfers a proton to ethanol to give ethylox- 
onium ion. Thus, we can represent the acid catalyst as the conjugate acid of ethanol. 

The first three steps correspond to acid-catalyzed addition of ethanol to the carbonyl group to 
yield a hemiacetal. 


Step 1: 
Pa 
‚ CHCH; 0—9 „њен, 
CHCH + HOE = CHCH ro 
H 
Step 2: 
B 
O—H OH 
Ci CH,CH, | „нен, 
CHCH + :0% == CH,CH— 06 
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Step 3: 
ЮН CHCH, = снн, id HCH, 
C,H,CH—O + :0: C,H,CH—ÓOCH,CH, + Н—0: 
N N E N 
Sce Ө H 
Hemiacetal 
Formation of the hemiacetal is followed by loss of water to give a carbocation. 
Step 4: 
n 
ЫЧ LECH, art HCH, 
C,H,C—ÓÓCH,CH, + HO: C,H,C—OCH,CH, F О; 
н н н н 
Step 5: 


HH 
с 
C,H,;CH—OCH,CH, 


C,H,CH—ÓOCH,CH, + H—Ö—H 


The next two steps describe the capture of the carbocation by ethanol to give the acetal: 


Step 6: 
| М „Њен; _ 
Сенуси "OCH,CH, 1/01 — C;H;CH— OCH,CH, 
" x 
CH,CH, H 
Step 7: 
СЊСН, А CHCH; 

C,H,;CH—OCH,CH, + © == соо + НО: 

(s H у H 

P» :OCH;CH, 

CH,CH, H 


Acetal 


17.8 (b)  1,3-Propanediol forms acetals that contain a six-membered 1,3-dioxane ring. 


| + 


C,H,CH + HOCH,CH,CH,OH 


О „О 
CH, H 


Benzaldehyde 1,3-Propanediol 2-Phenyl-1,3-dioxane 
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(c) The cyclic acetal derived from isobutyl methyl ketone and ethylene glycol bears an isobutyl 
group and a methyl group at C-2 of a 1,3-dioxolane ring. 


О 
| Ht / Y 
(CH,),CHCH,CCH, + HOCH,CH,OH оо 
(CH,),CHCH, CH, 
Isobutyl methyl ketone Ethylene glycol 2-Isobutyl-2-methyl-1,3-dioxolane 


(d) Because the starting diol is 2,2-dimethyl-1,3-propanediol, the cyclic acetal is six-membered 
and bears two methyl substituents at C-5 in addition to isobutyl and methyl groups at C-2. 


| | + 
(CH,),CHCH,CCH, + HOCH,CCH,OH H 
| о 20 
CH, 
(CH,),CHCH, CH, 
Isobutyl methyl ketone 2,2-Dimethyl-1,3- 2-Isobutyl-2,5,5-trimethyl- 
propanediol 1,3-dioxane 


17.9 The overall reaction is 


HCI || 
C,H,CH + 2CH,CH,OH 


C,H;CH(OCH,CH,), + H,O 


Benzaldehyde diethyl acetal Water Benzaldehyde Ethanol 


The mechanism of acetal hydrolysis is the reverse of acetal formation. The first four steps convert 
the acetal to the hemiacetal. 


Step 1: 
‚ HCH; CH,CH, 
C,H,CH— Gen cH, + HCO; —— c9, 0H Ocho, + 208 
:OCH,CH, H :0+ H 
Е ZW 
CH,CH, H 
Step 2: 
| CH,CH, 
C,H;CH—OCH,CH, C,H,;CH—OCH,CH, + О; 
0+ Н 
JTN 
CH,CH, H 
Step 3: 
н. H 
М7 


ЈЕ 8 | 

we / T 

C,H,CH—ÓOCH,CH, + о C,H,CH—ÓOCH,CH, 
H 
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Step 4: 
H 
X HO: 
T CH,CH, | CH,CH, 
C,H,C—ÓCH,CH, + +O% C,H;C—OCH,CH, + H— 0: 
ü H if H 
Hemiacetal 
Step 5: 
as ‚ C H.CH, T CH,CH,  CH,CH;, 
C,H,CH—ÓOCH,CH, + HOE CHCH O + 208 
H H H 
Step 6: 
р 
Cia Снн, | „њен, 
CoHsCH TO; CHCH + 20% 
H 
Step 7: 
a 
:0O—H :0: 
| E „СНСН: | , „С 
CH,CH + +O% ===  CJLCH + H—O: 
H 


H 
17.10 The conversion requires reduction; however, the conditions necessary (LiAIH,) would also reduce 
the ketone carbonyl]. The ketone functionality is therefore protected as the cyclic acetal. 


O O (То О 
|| || HOCH,CH,OH j || 
CH;C COH p-toluenesulfonic acid. т О ^ COH 
benzene HC 
4-Acetylbenzoic acid 


Reduction of the carboxylic acid may now be carried out. 
О 
(^p ҺЕ. 
o-¢ COH =. 0-0 CH,OH 
/ Е / 
H,C 


Н.С 


Hydrolysis to remove the protecting group completes the synthesis. 


О 
H,O, на! || 
o-¢ бон. —— CHC CH,OH 


4-Acetylbenzyl alcohol 
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1711 (b) Nucleophilic addition of butylamine to benzaldehyde gives the carbinolamine. 


| jn 
{У + CH,CH,CH,CH,NH, (у -св—усњснјсњен, 
H 


Benzaldehyde Butylamine Carbinolamine intermediate 


Dehydration of the carbinolamine produces the imine. 


qu 
-H,O 
{_)—©н—уснснснусн, : {_Уу—сн=хснсн,снусн, 
H 


N-Benzylidenebutylamine 


(c) Cyclohexanone and fert-butylamine react according to the equation 


| 
0 HO МС(СН,), NC(CH,), 
—H,O 
+ (CH,),CNH, — 
Cyclohexanone tert-Butylamine Carbinolamine N-Cyclohexylidene- 
intermediate tert-butylamine 
(d) 
NH, CX 17 
О NH N 
| "T | 
CH,CCH, + — снн, C,H,CCH, 
OH 
Acetophenone Cyclohexylamine Carbinolamine N-(1-Phenylethylidene)- 
intermediate cyclohexylamine 


17.12 (b)  Pyrrolidine, a secondary amine, adds to 3-pentanone to give a carbinolamine. 


| i 
CH,CH,CCH,CH, + |) CH CH ешн, 
N 
| OH 
H 
3-Pentanone Pyrrolidine Carbinolamine 
intermediate 


Dehydration produces the enamine. 


z а 


М М 
da GE COH OH deu + H,O 
бн 
Carbinolamine 3-Pyrrolidino-2-pentene 


intermediate 


ALDEHYDES AND KETONES: NUCLEOPHILIC ADDITION TO THE CARBONYL GROUP 433 


(c) 


|| | н.о | 
C,H;CCH, + O снн; : C,H,C=CH, 
Н он 
Асеїорһепопе Piperidine Carbinolamine ]-Piperidino-1- 
intermediate phenylethene 


17.13 (b) Неге we see an example of ће Wittig reaction applied to diene synthesis by use of an уйде 
containing a carbon-carbon double bond. 


CH,CH,CH,CH=CHCH=CH, + (C,Hj,P—0- 


|| а 
CH,CH,CH,CH + (C,H;,P—CHCH—CH, 
Butanal Allylidenetriphenylphosphorane 1,3-Heptadiene (52%) Triphenylphosphine 


oxide 


(c) Methylene transfer from methylenetriphenylphosphorane is one of the most commonly used 
Wittig reactions. 


[e CH, 
|| t д || p 
CCH, + (C,H3jP —CH, CCH, + (СНЉР—О 
Cyclohexyl methyl Methylenetriphenyl- 2-Cyclohexylpropene _ Triphenylphosphine 
ketone phosphorane (66%) oxide 


17.14 А second resonance structure can be written for a phosphorus ylide with a double bond between 
phosphorus and carbon. As a third-row element, phosphorus can have more than 8 electrons in its 
valence shell. 


+ ra 
(CH), PŚ ČH, (C,H,,P—CH, 


Methylenetriphenylphosphorane 


17.15 (b) Two Wittig reaction routes lead to 1-pentene. One is represented retrosynthetically by the 
disconnection 


|| = 
CH,CH,CH,CH=CH, > CH,CH,CH,CH + (C,H,),P—CH, 


1-Pentene Butanal Methylenetriphenyl- 
phosphorane 


The other route is 
[| 
CH,CH,CH,CH=CH, > CH,CH,CH,CH—P(C,H.), + HCH 


1-Pentene Butylidenetriphenylphosphorane Formaldehyde 
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17.16  Ylides are prepared by the reaction of an alkyl halide with triphenylphosphine, followed by treat- 
ment with strong base. 2-Bromobutane is the alkyl halide needed in this case. 


| 
(СНЉАР + CH,CHCH,CH, 


(CH9 P—ÇHCH,CH, Вг" 


CH, 
Triphenyl- 2-Bromobutane (1-MethylpropyDtriphenyl- 
phosphine phosphonium bromide 


О 
| 


‘сз —CHCH CH Br + NaCH,SCH, 


са бснсн, 


CH, CH, 
(1-Methylpropyl)triphenyl- Sodiomethyl Ylide 
phosphonium bromide methyl sulfoxide 


17.17 The overall reaction is 
| | 
CCH, + C,H;COOH 


| | 
{У осен, + C,H,COH 


Cyclohexyl methyl Peroxybenzoic Cyclohexyl Benzoic 
ketone acid acetate acid 


In the first step, the peroxy acid adds to the carbonyl group of the ketone to form a peroxy monoester 
of a gem-diol. 


О О OH 
С у-н + car ooi (eon, 
(бес. 
{ 


Регоху monoester 


The intermediate then undergoes rearrangement. Alkyl group migration occurs at the same time as 
cleavage of the O—O bond of the peroxy ester. In general, the more substituted group migrates. 


17.18 The formation of a carboxylic acid from Baeyer-Villiger oxidation of an aldehyde requires 
hydrogen migration. 


О | сон О 

f \ | C,H;COOH | | 
ON ON тя ON 

m-Nitrobenzaldehyde О m-Nitrobenzoic 


acid 
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17.19 (а) 


(b) 


435 


First consider all the isomeric aldehydes of molecular formula С;Н 0. 


о арта PW" 


Ó 
Pentanal 3-Methylbutanal 
О О 
н 
2 “н iH 
H H О 
(S)-2-Methylbutanal (R)-2-Methylbutanal 2,2-Dimethylpropanal 
There are three isomeric ketones: 
PN i 
| EE 
2-Pentanone 3-Pentanone 3-Methyl-2-butanone 


Reduction of an aldehyde to a primary alcohol does not introduce a stereogenic center into the 
molecule. The only aldehydes that yield chiral alcohols on reduction are therefore those that 


already contain a stereogenic center. 


О 
NaBH, 


(S)-2-Methylbutanal (S)-2-Methyl-1-butanol 
O 
Я CH,OH Я 
Н н 
(R)-2-Methylbutanal (R)-2-Methyl-1-butanol 


Among the ketones, 2-pentanone and 3-methyl-butanone are reduced to chiral alcohols. 


hae a B P 


CH,OH 

2-Pentanone 2-Pentanol 
(chiral but racemic) 

NaBH, 
——_ 
STE CHOH div AE 
O OH 
3-Pentanone 3-Pentanol 


(achiral) 


О ОН 
NaBH, 
СН.ОН 


3-Methyl-2-butanol 


3-Methyl-2-butanone 
(chiral but racemic) 
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(c) АП the aldehydes yield chiral alcohols on reaction with methylmagnesium iodide. Thus, 


О H 
ae Еа balen 

4119 2. но 4 d 3 
ÓH 


A stereogenic center is introduced in each case. None of the ketones yield chiral alcohols. 


Q OH 
p СС Е KAX 
-— 
2.H,0* 
2-Pentanone 2-Methyl-2-pentanol 
(achiral) 
1. CH,Mgl 
— 
a 65 5 Ho dice 
Ó OH 
3-Pentanone 3-Methyl-3-pentanol 
(achiral) 
0 OH 
1. CH,Mgl 
—— 
3-Methyl-2-butanone 2,3-Dimethyl-2-butanol 
(achiral) 


17.20 (a)  Chloralis the trichloro derivative of ethanal (acetaldehyde). 


O Cl O 
EH TUNE 
а 
Ethanal Trichloroethanal 
(chloral) 


(b)  Pivaldehyde has two methyl groups attached to C-2 of propanal. 


[e CH, O 
енен oi А 
bu, 
Propanal 2,2-Dimethylpropanal 
(pivaldehyde) 


(c) Acrolein has a double bond between С-2 and C-3 of a three-carbon aldehyde. 


|| 
H,C=CHCH 


2-Propenal (acrolein) 
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(d) Crotonaldehyde has a trans double bond between C-2 and C-3 of a four-carbon aldehyde. 


Н.С Н 
FN 


(E)-2-Butenal 
(crotonaldehyde) 


(e) Citral has two double bonds: one between С-2 and С-3 and the other between C-6 and C-7. 
The one at C-2 has the E configuration. There are methyl substituents at C-3 and C-7. 


О 
|| 


edit 
6 


H 


(E)-3,7-Dimethyl-2,6-octadienal 
(citral) 


(f) Diacetone alcohol is 


О о OH 
CH,CCH,C(CH,), 


4-Hydroxy-4-methyl- 
2-pentanone 


(g) The parent ketone is 2-cyclohexenone. 


2-Cyclohexenone 
Carvone has an isopropenyl group at C-5 and a methyl group at C-2. 


О 
CH, 


at 
CH, 


5-Isopropenyl-2-methyl-2- 
cyclohexenone (carvone) 


(h)  Biacetyl is 2,3-butanedione. It has a four-carbon chain that incorporates ketone carbonyls as 
C-2 and C-3. 


T 
CH,CCCH, 


2,3-Butanedione 
(biacetyl) 
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1721 (a) 


(b) 


(c) 


(d) 


(e) 


E 


(g) 
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Lithium aluminum hydride reduces aldehydes to primary alcohols. 


О 
|| 1. LiAlH, 
CH;CH,CH — г CH,CH,CH,OH 
Propanal 1-Propanol 


Sodium borohydride reduces aldehydes to primary alcohols. 


NaBH, 


|| 
СВ Снн n 


CH,CH,CH,OH 


Propanal 1-Propanol 


Aldehydes can be reduced to primary alcohols by catalytic hydrogenation. 


| 
H, 
CH,CH,CH = CH,CH,CH,OH 
Propanal 1-Propanol 


Aldehydes react with Grignard reagents to form secondary alcohols. 


| 1. CH,Mgl, 0н 
diethyl ether 
CH,CH,CH d CH,CH,CHCH, 
3 2. H0 
Propanal 2-Butanol 


Sodium acetylide adds to the carbonyl group of propanal to give an acetylenic alcohol. 


| 1. HC=CNa, ү 
liquid ammonia 
CH,CH,CH == CH,CH,CHC=CH 
93 
Propanal 1-Pentyn-3-ol 


Alkyl- or aryllithium reagents react with aldehydes in much the same way that Grignard 
reagents do. 


О 1. C HL, 
| diethyl ether 
CH,CH,CH эңно ^" ШЕН NODE 
Hy 
OH 
Propanal 1-Phenyl-1-propanol 


Aldehydes are converted to acetals on reaction with alcohols in the presence of an acid 
catalyst. 


| НСІ 
CH,CH,CH + 2CH,OH 


CH,CH,CH(OCH,), 


Propanal Methanol Propanal dimethyl acetal 
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(h) 


(i) 


(7) 


(k) 


(0) 


(т) 


(n) 


CH,CH,CH + oN— Sun, 


Cyclic acetal formation occurs when aldehydes react with ethylene glycol. 
| p-toluenesulfonic acid / \ 
CH,CH,CH + HOCH,CH,OH ‘anions О © 
Н CH,CH, 
Ргорапа1 Ethylene glycol 2-Ethyl-1,3-dioxolane 
Aldehydes react with primary amines to yield imines. 
| -Ho 
CH,CH,CH + C;H4NH, CH,CH,CH=NC,H, 
Propanal Aniline N-Propylideneaniline 
Secondary amines combine with aldehydes to yield enamines. 
| N(CH,), 
-toluenesulfonic acid 
CH,CH,CH + (CH,),NH LM CH,CH=CH 
Propanal Dimethylamine 1-(Dimethylamino)propene 

Oximes are formed on reaction of hydroxylamine with aldehydes. 

О 

| H,NOH 

CH,CH,CH =  CH,CH,CH==NOH 
Propanal Propanal oxime 

Hydrazine reacts with aldehydes to form hydrazones. 

О 

| H,NNH, 

CH,CH,CH = CH,CH,CH==NNH, 
Propanal Propanal hydrazone 
Hydrazone formation is the first step in the Wolff-Kishner reduction (Section 12.8). 
ud NaOH 
CH;CH;CH—NNH, triethylene glycol, heat CH;CH,CH, + N, 
Propanal hydrazone Propane 

The reaction of an aldehyde with p-nitrophenylhydrazine is analogous to that with hydrazine. 


О 
| 


снүсн.сн=ннн—{ ко, + H,O 


Propanal p-Nitrophenylhydrazine Propanal 


p-nitrophenylhydrazone 


440 ALDEHYDES AND KETONES: NUCLEOPHILIC ADDITION TO THE CARBONYL GROUP 
(о)  Semicarbazide converts aldehydes to the corresponding semicarbazone. 
| | | 
CH,CH,CH + H,NNHCNH, 


CH,CH,CH=NNHCNH, + H,O 


Propanal Semicarbazide Propanal semicarbazone 


(p) Phosphorus ylides convert aldehydes to alkenes by a Wittig reaction. 


| + 


CH,CH,CH + (C,H;);P—CHCH, 


CH,CH,CH=CHCH, + (C,H,);P—O 


Propanal Ethylidenetriphenyl- 2-Pentene Triphenylphosphine 
phosphorane oxide 


(q) Acidification of solutions of sodium cyanide generates HCN, which reacts with aldehydes to 
form cyanohydrins. 


| | 
CH,CH,CH + HCN CH,CH,CHCN 
Propanal Hydrogen Propanal cyanohydrin 


cyanide 


(r) Chromic acid oxidizes aldehydes to carboxylic acids. 


O 
| H,CrO, 
CH,CHCH ————— CH,CH,CO,H 


Propanal Propanoic acid 


17.22 (a) Lithium aluminum hydride reduces ketones to secondary alcohols. 


1. АН, 
————— 
2. H,O 
Ó 


Cyclopentanone Cyclopentanol 


H OH 


(b) Sodium borohydride converts ketones to secondary alcohols. 


NaBH, 
[Se 
CH,0H 
О 


Сус1орепїапопе Cyclopentanol 


H OH 


(c) Catalytic hydrogenation of ketones yields secondary alcohols. 


Н, 
— 
Ni 


Ó H OH 


Cyclopentanone Cyclopentanol 
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(d) Grignard reagents react with ketones to form tertiary alcohols. 


1. CH,Mgl, 
diethyl ether 
rx 
2.H40* 
H,C OH 
Cyclopentanone 1-Methylcyclopentanol 


(e) Addition of sodium acetylide to cyclopentanone yields a tertiary acetylenic alcohol. 


1. HC=CNa, 
liquid ammonia 
= 
2. H,0* 
HC=C OH 


Cyclopentanone 1-Ethynylcyclopentanol 


(f) Phenyllithium adds to the carbonyl group of cyclopentanone to yield 1-phenylcyclopentanol. 


1. СНА, 
diethyl ether 
> 
2. H,0* 


CH; OH 
Cyclopentanone 1-Phenylcyclopentanol 


(e) The equilibrium constant for acetal formation from ketones is generally unfavorable. 


+ 2CH,0OH . Bd , б К<1 


Ó CHO OCH, 


Cyclopentanone Methanol Cyclopentanone 
dimethyl acetal 


(h) Cyclic acetal formation is favored even for ketones. 


p-toluenesulfonic acid 
Бала ae eg 
+ HOCH,CH,OH M 
о о 
о A 
Cyclopentanone Ethylene glycol 1,4-Dioxaspiro[4.4]nonane 


(i) Ketones react with primary amines to form imines. 


+ СЕН, 
NCH; 
Cyclopentanone Aniline N-Cyclopentylideneaniline 
(j) Dimethylamine reacts with cyclopentanone to yield an enamine. 
-toluenesulfonic acid 
+ (CHjjNH = 
( »» benzene 
O N(CH4), 
Cyclopentanone — Dimethylamine 1-(Dimethylamino)- 


cyclopentene 
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(k) Ап oxime is formed when cyclopentanone is treated with hydroxylamine. 


H,NOH 


— 


О МОН 


Cyclopentanone Cyclopentanone 
oxime 


(L)  Hydrazine reacts with cyclopentanone to form а hydrazone. 


H,NNH, 


Ó NNH, 


Cyclopentanone Cyclopentanone 
hydrazone 


(m) Heating a hydrazone in base with a high-boiling alcohol as solvent converts it to an alkane. 


NaOH 
> 
triethylene b) T № 


glycol, heat 
NNH, 


Cyclopentanone Cyclopentane 
hydrazone 


(n) А p-nitrophenylhydrazone is formed. 


СА + ом— У-мими, —— 
Ó Nu ко, 


Cyclopentanone p-Nitrophenylhydrazine Cyclopentanone 
p-nitrophenylhydrazone 


(о) Cyclopentanone is converted to a semicarbazone on reaction with semicarbazide. 


| 
+ H,NNHCNH, о + HO 
NNHCNH, 
Cyclopentanone Semicarbazide Cyclopentanone 
semicarbazone 


(p A Wittig reaction takes place, forming ethylidenecyclopentane. 


+  (C,H,);P—CHCH, + (CH.),P—O 
CHCH, 


Cyclopentanone Ethylidenetriphenyl- Ethylidenecyclo- Triphenylphosphine 
phosphorane pentane oxide 
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(q)  Cyanohydrin formation takes place. 
NaCN 
H,SO, 
O HO CN 


Cyclopentanone Cyclopentanone 
cyanohydrin 


(r) | Cyclopentanone is not oxidized readily with chromic acid. 


17.23 (a) The first step in analyzing this problem is to write the structure of the starting ketone in stereo- 
chemical detail. 


H CH H CH, H CH, 


pots L | 
2, metal hydride reduction 2, 2, 
a + oe 
O HO H H OH 
(S)-3-Phenyl-2- (2R,3S)-3-Phenyl- (2S,3S)-3-Phenyl- 
butanone 2-butanol 2-butanol 


Reduction of the ketone introduces a new stereogenic center, which may have either the R or 
the S configuration; the configuration of the original stereogenic center is unaffected. In prac- 
tice the 2R,3S diastereomer is observed to form in greater amounts than the 25,35 (ratio 2.5:1 
for LiAIH, reduction). 

(b) Reduction of the ketone can yield either cis- or trans-4-tert-butylcyclohexanol. 


5 H OH 
OH H 
cae LT exe fT + ene 7 
H H H 


4-tert-Butylcyclo- trans-4-tert- cis-4-tert- 
hexanone Butylcyclohexanol Butylcyclohexanol 


It has been observed that the major product obtained on reduction with either lithium alu- 
minum hydride or sodium borohydride is the trans alcohol (trans/cis ~9:1). 
(c) The two reduction products are the exo and endo alcohols. 


y + 
OH H 
O H OH 


Bicyclo[2.2.1]- exo-Bicyclo[2.2.1]- endo-Bicyclo[2.2.1]- 
heptan-2-one heptan-2-ol heptan-2-ol 


The major product is observed to be the endo alcohol (endo/exo 9:1) for reduction with 
NaBH, or LiAlH,. The stereoselectivity observed in this reaction is due to decreased steric 
hindrance to attack of the hydride reagent from the exo face of the molecule, giving rise to the 
endo alcohol. 
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(d) The hydroxyl group may be on the same side as the double bond or on the opposite side. 


0 HO. Н Н „ОН 


L = 4 Ey 


Bicyclo[2.2.1]- syn-Bicyclo[2.2.1]- anti-Bicyclo[2.2.1]- 
hept-2-en-7-one hept-2-en-7-ol hept-2-en-7-ol 


The anti alcohol is observed to be formed in greater amounts (85:15) on reduction of the ke- 
tone with LiAIH,. Steric factors governing attack of the hydride reagent again explain the 
major product observed. 


17.24 (a) Aldehydes undergo nucleophilic addition faster than ketones. Steric crowding in the rate- 
determining step of the ketone reaction raises the energy of the transition state, giving rise to 
a slower rate of reaction. Thus benzaldehyde is reduced by sodium borohydride more rapidly 
than is acetophenone. The measured relative rates are 


(b) The presence of an electronegative substituent on the a-carbon atom causes a dramatic in- 
crease in Ку. Trichloroethanal (chloral) is almost completely converted to its geminal diol 
(chloral hydrate) in aqueous solution. 


|| Є 
CLCCH + H,O сен 
OH 
Trichloroethanal 2,2,2-Trichloro-1,1-ethanediol 
(chloral) (chloral hydrate) 


Electron-withdrawing groups such as Cl,C destabilize carbonyl groups to which they are at- 
tached and make the energy change favoring the products of nucleophilic addition more fa- 
vorable. 


(c) Recall that the equilibrium constants for nucleophilic addition to carbonyl groups are gov- 
erned by a combination of electronic effects and steric effects. Electronically there is little 
difference between acetone and 3,3-dimethyl-2-butanone, but sterically there is a significant 
difference. The cyanohydrin products are more crowded than the starting ketones, and so the 
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bulkier the alkyl groups that are attached to the carbonyl, the more strained and less stable 
will be the cyanohydrin. 


R OH 
\ | 
C=O + HCN = CHEN 
Н.С R 
Ketone Hydrogen Cyanohydrin 
cyanide [less strained for R = CH, 


than for В = C(CH;)3] 


| 
CH,CCH, 
Ke = T = 40 


rel 


|| 
CH,CC(CH,), 


(d) Steric effects influence the rate of nucleophilic addition to these two ketones. Carbon is on its 
way from tricoordinate to tetracoordinate at the transition state, and alkyl groups are forced 
closer together than they are in the ketone. 


R R 
N NaBH, HC = ô- НС = = 
= =O C—OBH, 
/ и 
Н.С Н к Н 
эр `BH; А 


Transition state 


The transition state is of lower energy when R is smaller. Acetone (for which R is methyl) is 
reduced faster than 3,3-dimethyl-2-butanone (where В is tert-butyl). 


| 
CH,CCH, 


rel — О = 12 
| 


CH,CC(CH,), 


(e) In this problem we examine the rate of hydrolysis of acetals to the corresponding ketone or 
aldehyde. The rate-determining step is carbocation formation. 


| 
R CÓCH;CH, в 
pq — | —осњен, + CH,CH,OH 
К” `осн,сн, R 


Hybridization at carbon changes from sp? to sp”; crowding at this carbon is relieved as the 
carbocation is formed. The more crowded acetal (К = СН.) forms a carbocation faster than 
the less crowded one (R = H). Another factor of even greater importance is the extent of 


446 ALDEHYDES AND KETONES: NUCLEOPHILIC ADDITION TO THE CARBONYL GROUP 


stabilization of the carbocation intermediate; the more stable carbocation (R = CH,) is formed 
faster than the less stable one (К = Н). 


_ (CH,),C(OCH,CH;), _ 
"I CH,(OCH,CH;), 


1.8 x 107 


17.25 (a) The reaction as written is the reverse of cyanohydrin formation, and the principles that govern 
equilibria in nucleophilic addition to carbonyl groups apply in reverse order to the dissocia- 
tion of cyanohydrins to aldehydes and ketones. Cyanohydrins of ketones dissociate more at 
equilibrium than do cyanohydrins of aldehydes. More strain due to crowding is relieved when 
a ketone cyanohydrin dissociates and a more stabilized carbonyl group is formed. The equi- 
librium constant К; is larger for 


diss 


OH 
Gc == б сй + HCN 
én 
Acetone Acetone Hydrogen 
cyanohydrin cyanide 
than it is for 
OH О 
"CDU а + м. + НСМ 
Propanal cyanohydrin Propanal Hydrogen 


cyanide 


(b)  Cyanohydrins of ketones have a more favorable equilibrium constant for dissociation than do 
cyanohydrins of aldehydes. Crowding is relieved to a greater extent when a ketone cyanohydrin 
dissociates and a more stable carbonyl group is formed. The measured dissociation constants are 


OH О 
CEAN i + HN K-47x10? 
Benzaldehyde Benzaldehyde 
cyanohydrin 
OH 
бй б cec, + HCN  K - 13 
m 
Acetophenone Acetophenone 
cyanohydrin 


17.26 (a) The reaction of an aldehyde with 1,3-propanediol in the presence of p-toluenesulfonic acid 
forms a cyclic acetal. 


CH,O 6 CH,O 

| sash O 

p-toluenesulfonic acid 
CH,O CH + HOCH,CH,CH,OH — — > СЊО ) 
enzene, heat 
О 
CHO Br CHO Br 

2-Bromo-3,4,5- 1,3-Propanediol 2-(2’-Bromo-3’,4’,5’- 

trimethoxybenzaldehyde trimethoxyphenyl)-1,3-dioxane 


(81%) 
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(b) The reagent CH,ONH, is called O-methylhydroxylamine, and it reacts with aldehydes in a 
manner similar to hydroxylamine. 


| 
CH CH=NOCH, 
Д d Jc de 
HO OCH, HO OCH, 
4-Hydroxy-2- O-Methyl- 4-Hydroxy-2-methoxybenzaldehyde 
methoxybenzaldehyde hydroxylamine O-methyloxime 


(c)  Propanalreacts with 1,1-dimethylhydrazine to yield the corresponding hydrazone. 


|| 
CH,CH,CH + (CH,),NNH, 


CH,CH,CH=NN(CH,), 
Propanal 1,1-Dimethylhydrazine Propanal dimethylhydrazone 
(d)  Acid-catalyzed hydrolysis of the acetal gives the aldehyde in 87% yield. 
ie CH, 
H,O, HCI А \ | || 
H,C ue dis E D H,C CHCH,CH,CH 


heat 


4-(p-Methylphenyl)pentanal 


(e) Hydrogen cyanide adds to carbonyl groups to form cyanohydrins. 


OH 
P dE I Sinon 
бн, 
Acetophenone Acetophenone 
cyanohydrin 


(f) The reagent is a secondary amine known as morpholine. Secondary amines react with ke- 
tones to give enamines. 


OH 


O 
| / \ Ht | H*(—H,0) 
C,H,CCH, + HN О C,H, ca > СН; E CH, 


S * 


Acetophenone Morpholine Carbinolamine 1-Morpholinostyrene 
intermediate (57-64%) 


(g) Migration of the alkyl group in a Baeyer-Villiger oxidation occurs with retention of 
configuration. 


H,C | | H,C 
CH,CH,--—CCH, + C,H,COOH CH,CH,—}—OCCH, 


(R)-3-Methyl-3-phenyl-2- Peroxybenzoic acid (R)-1-Methyl-1-phenylpropyl 
pentanone acetate 
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17.27  Wolff-Kishner reduction converts a carbonyl group (С==0) to a methylene group (СН,). 


NH, KOH 
О "HOCH,CH,OH " 
130°C 


Bicyclo[4.3.0]non- Bicyclo[4.3.0]non-3-ene 
3-en-8-one (compound A, 9096) 


Treatment of the alkene with m-chloroperoxybenzoic acid produces an epoxide, compound B. 


as 
a2 «Су 


Bicyclo[4.3.0]non-3-ene 3,4-Epoxybicyclo[4.3.0]nonane 
(compound B, 92%) 


Epoxides undergo reduction with lithium aluminum hydride to form alcohols (Section 16.12). 


HO 
1. ШАІН, 


3,4-Epoxybicyclo[4.3.0]nonane Bicyclo[4.3.0]nonan-3-ol 
(compound C, 90%) 


Chromic acid oxidizes the alcohol to a ketone. 


O 


Bicyclo[4.3.0]nonan-3-ol Bicyclo[4.3.0]nonan-3-one 
(compound D, 75%) 


17.28 Hydration of formaldehyde by H,'’O produces a gem-diol in which the labeled and unlabeled 
hydroxyl groups are equivalent. When this gem-diol reverts to formaldehyde, loss of either of the 
hydroxyl groups is equally likely and leads to eventual replacement of the mass-16 isotope of 
oxygen by "O. 


25 Do: ye 
HO + H,"o „н, пос + H,O 
H H“O H 


This reaction has been monitored by "О NMR spectroscopy; '’O gives an NMR signal, but '°O does 
not. 


17.29 First write out the chemical equation for the reaction that takes place. Vicinal diols (1,2-diols) react 
with aldehydes to give cyclic acetals. 


б (CH,),CH, 
|| 
CHCH + HOCH,CH(CHJ,CH; оо 
ОН CH, 
Benzaldehyde 1,2-Octanediol 4-Hexyl-2-phenyl- 


1,3-dioxolane 
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Notice that the phenyl and hexyl substituents may be either cis or trans to each other. The two prod- 
ucts are the cis and trans stereoisomers. 


H H 
= „(СН,);СН, = „(СН.);СН, 
b D 
CH; H H C.H; 
cis-A-Hexyl-2-phenyl- trans-A-Hexyl-2-phenyl- 
1,3-dioxolane 1,3-dioxolane 


17.30 Cyclic hemiacetals are formed by intramolecular nucleophilic addition of a hydroxyl group to a 
carbonyl. 
dm Cx (X 
C—O C—OH 
| 07 | 
R 


:O 
a R 
Cyclic hemiacetal 


H 


The ring oxygen is derived from the hydroxyl group; the carbonyl oxygen becomes the hydroxyl 
oxygen of the hemiacetal. 


(a) This compound is the cyclic hemiacetal of 5-hydroxypentanal. 


pl 
| HC CH, 
HOCH,CH,CH,CH,CH = | lx 
HC... C=0 
| O^ “он 
| H 
H 


Indeed, 5-hydroxypentanal seems to exist entirely as the cyclic hemiacetal. Its infrared spec- 
trum lacks absorption in the carbonyl region. 

(b) The carbon connected to two oxygens is the one that is derived from the carbonyl group. 
Using retrosynthetic symbolism, disconnect the ring oxygen from this carbon. 


О 
| 


H 
О | 
Ea dd. ` “= = HOCH,CH,CHCH—CHCH—CH, 


OH 
4-Hydroxy-5,7-octadienal 


The next two compounds are cyclic acetals. The original carbonyl group is identifiable as the one 
that bears two oxygen substituents, which originate as hydroxyl oxygens of a diol. 


(c) 
| | 
> CH,CH, CH, = CH,CH,CHCHCH,CH,CH,CCH, 
od CH, | ond | 


Brevicomin 6,7-Dihydroxy- 
2-nonanone 


CH,CH, 
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T CH,CH, 0 off CH,CH, 
О | OH, 


HOCH; HOCH; 
OH OH 


Talaromycin A 2,8-Di(hydroxymethyl)-1,3- 
dihydroxy-5-decanone 


(d) 


17.34 (a) The Zstereoisomer of CH,CH—NCH, has its higher ranked substituents on the same side of 
the double bond, 


Higher 277 Н.С СН: aa Higher 


Lower ——«H 
(Z)-N-Ethylidenemethylamine 
The lone pair of nitrogen is lower in rank than any other substituent. 


(b) Higher ranked groups are on opposite sides of the carbon-nitrogen double bond in the Е 
oxime of acetaldehyde. 


Higher 77 7 Не . 
C=N. 
и \ OH 
H — Higher 


(E)-Acetaldehyde 


oxime 


(c) (Z)-2-Butanone hydrazone is 


Higher "ONG S NES Higher 
C=N. 
H,C 
(d) (&)-Acetophenone semicarbazone is 
ae, 
C=N’ Higher 
Z 


H,C инн, 


17.32 Cyclopentanone reacts with peroxybenzoic acid to form a peroxy monoester. The alkyl group that 
migrates is the ring itself, leading to formation of a six-membered lactone. 


| 
0 О нб) 0-CoCc,H, О 
| D О || 
+  C,H,COOH =} + CH,COH 


Cyclopentanone Peroxybenzoic 5-Pentanolide Benzoic acid 
acid 
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17.33 (a) The bacterial enzyme cyclohexanone monooxygenase was described in Section 17.16 as able 
to catalyze a biological Baeyer—Villiger reaction. Compound А is 4-methylcyclohexanone. 


О», 
cyclohexanone monoxygenase, О 
and coenzymes 


> 


CH, НАС 
4-Methylcyclohexanone Compound B 
(Compound A) 


(b) The product of Baeyer—Villiger oxidation of 4-methylcyclohexanone with peroxyacetic acid 
would be the racemic cyclic ester (lactone), not the single enantiomer shown in part (a) from 
the enzyme-catalyzed oxidation. 


17.34 (a) Nucleophilic ring opening of the epoxide occurs by attack of methoxide at the less hindered 


carbon. 
~ ; бг 
(CHC PD : | 
PRG M OCH, alg MD 


The anion formed in this step loses a chloride ion to form the carbon-oxygen double bond of 
the product. 


rm ОР (CH,),CCCH,OCH, + СГ 
M 


(b)  Nucleophilic addition of methoxide ion to the aldehyde carbonyl generates an oxyanion, 
which can close to an epoxide by an intramolecular nucleophilic substitution reaction. 


О =:0: 
9 O 


Ў | 
Е (CH): нене (CH,),CCH-CHOCH, + СГ 
CI СІ 


The epoxide formed in this process then undergoes nucleophilic ring opening on attack by а 
second methoxide ion. 


и ‘i ЈЕ 
= CH4OH 
(CH,),CCH-CHOCH, + ;ÜCH, (CH,),CCH—CHOCH, ——> (CH,),CCHCHOCH, 
OCH, OCH, 


17.85 Amygdalin is a derivative of the cyanohydrin formed from benzaldehyde; thus the structure 
(without stereochemistry) is 


O—R 
онн 


СМ 


R = Н, benzaldehyde 
cyanohydrin 
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The order of decreasing sequence rule precedence 15 HO > CN > C,H, > H. The groups are 
arranged in a clockwise orientation in order of decreasing precedence in the R enantiomer. 


H 
T 
сн,—С 
СМ 
(R)-Benzaldehyde 


cyanohydrin 


17.36 (a) The target molecule is the diethyl acetal of acetaldehyde (ethanal). 


|| 
CH,CH(OCH,CH,), > CHCH and CH,CH,OH 
Acetaldehyde diethyl acetal 


Acetaldehyde may be prepared by oxidation of ethanol. 


pec | 


CH,CH,OH Ser 


Ethanol Acetaldehyde 


Reaction with ethanol in the presence of hydrogen chloride yields the desired acetal. 


НСІ 


| 
CH,CH + 2CH,CH,OH CH,CH(OCH,CH,), 


Acetaldehyde Ethanol Acetaldehyde diethyl acetal 


(b) In this case the target molecule is a cyclic acetal of acetaldehyde. 


О 
к= | 
оо > CHCH аа HOCH,CH,OH 


H CH, 


2-Methyl-1,3-dioxolane 


Acetaldehyde has been prepared in part (a). Recalling that vicinal diols are available from the 
hydroxylation of alkenes, 1,2-ethanediol may be prepared by the sequence 


H,SO, _ OsO,, (CH;),;COOH 
CH,CH,OH hea H,C=CH, (GH) ,COH, HO- HOCH,CH,OH 
Ethanol Ethylene 1,2-Ethanediol 
Hydrolysis of ethylene oxide is also reasonable. 
| 
CH,COOH H,O 
H,C=CH, >  H,C—CH, HOCH,CH,OH 


\ / НО 
O 


Ethylene Ethylene oxide 1,2-Ethanediol 
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Reaction of acetaldehyde with 1,2-ethanediol yields the cyclic acetal. 


| + > 
CH,CH + HOCH,CH,OH H оо 
H CH, 
Acetaldehyde 1,2-Ethanediol 2-Methyl-1,3-dioxolane 


(с) The target molecule is, in this case, the cyclic acetal of 1,2-ethanediol and formaldehyde. 


О 
PA | 
O_O > HCH and HOCH,CH,OH 


1,3-Dioxolane 


The preparation of 1,2-ethanediol was described in part (b). One method of preparing 
formaldehyde is by ozonolysis of ethylene. 


O 
H,SO, 1.0, | 
CH,CH,OH heat H,C—CH, > нота“ 2HCH 
Ethanol Ethylene Formaldehyde 
Another method is periodate cleavage of 1,2-ethanediol. 
O 
HIO, || 
HOCH,CH,OH 2HCH 
1,2-Ethanediol Formaldehyde 
Cyclic acetal formation is then carried out in the usual way. 
КОЊ d Ен н. 
~ оо 
Formaldehyde 1,2-Ethanediol 1,3-Dioxolane 


(d)  Acetylenic alcohols аге best prepared from carbonyl compounds and acetylide anions. 


| 
CH,CHC=CH [> CH,CH + “:C=CH 


OH 
3-Butyn-2-ol 


Acetaldehyde is available as in part (a). Alkynes such as acetylene are available from the 
corresponding alkene by bromination followed by double dehydrobromination. Using ethyl- 
ene, prepared in part (b), the sequence becomes 


Br, NaNH, 


H,C—CH, BrCH,CH,Br ЧН. 


HC=CH 


Ethylene 1,2-Dibromoethane Acetylene 
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ALDEHYDES AND KETONES: NUCLEOPHILIC ADDITION TO THE CARBONYL GROUP 


Then 
| 
NaNH, 1. CH,CH 
HC=CH > HC=CNa SEE ро. 
93 
ОН 
Acetylene Sodium acetylide 3-Butyn-2-ol 


The target aldehyde may be prepared from the corresponding alcohol. 


| 
HCCH,C=CH > HOCH,CH,C=CH 


3-Butynal 3-Butyn-1-ol 


The best route to this alcohol is through reaction of an acetylide ion with ethylene oxide. 


1. diethyl ether 
> 


HC=CCH,CH,OH 


HC=CNa +  H,C—CH, : 
ar 2. H40 
О 

Sodium acetylide Ethylene oxide 3-Butyn-1-ol 


[prepared in part (d)] [prepared in part (5)] 


Oxidation with PCC or PDC is appropriate for the final step. 


PCC or PDC 
> 


| 
HC=CCH,CH,OH “©те HC=CCH,CH 


3-Butyn-1-ol 3-Butynal 


The target molecule has four carbon atoms, suggesting a route involving reaction of an ethyl 
Grignard reagent with ethylene oxide. 


О 
= eX 
CH,CH,CH,CH,OH > CH,CH, + H,C—CH, 


Ethylmagnesium bromide is prepared in the usual way. 


HBr or Mg 
CH,CH,OH PBr, CH,CH,Br аһу ане CH,CH,MgBr 
Ethanol Bromoethane Ethylmagnesium 
bromide 


Reaction of the Grignard reagent with ethylene oxide, prepared in part (b), completes the 
synthesis. 


О 

/ \ 1. diethyl ether 
CH,CH,MgBr + H,C—CH, >> CH,CH,CH,CH,OH 
Ethylmagnesium Ethylene 1-Butanol 


bromide oxide 
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17.37 (a) Friedel-Crafts acylation of benzene with benzoyl chloride is a direct route to benzophenone. 


O O 

|| лс, || 

CCl + =_= С 
Benzoyl chloride Benzene Benzophenone 


(b) On analyzing the overall transformation retrosynthetically, we see that the target molecule 
may be prepared by a Grignard synthesis followed by oxidation of the alcohol formed. 


| ЈЕ ji 


| 
C,H;CC,Hs eS C.H,CHC,H, => CHCH + C,H,MgBr 


In the desired synthesis, benzyl alcohol must first be oxidized to benzaldehyde. 


O 
C,H;CH,OH 226 СЕН A 
6-5 2 CH,Cl, 6775 
Benzyl alcohol Benzaldehyde 


Reaction of benzaldehyde with the Grignard reagent of bromobenzene followed by oxidation 
of the resulting secondary alcohol gives benzophenone. 


| О 


1. diethyl ether PDC | 
CHCH + СеНМевг = CoHsCHCH, east ССН; 
OH 
Benzaldehyde — Phenylmagnesium Diphenylmethanol Benzophenone 


bromide 


(c) Hydrolysis of bromodiphenylmethane yields the corresponding alcohol, which can be oxi- 
dized to benzophenone as in part (5). 


H,O oxidize | | 
чын; CoHsCHCH, —— . сєн,Сс,н, 
Br OH 
Bromodiphenylmethane Diphenylmethanol Benzophenone 


(d) The starting material is the dimethyl acetal of benzophenone. All that is required is acid- 


catalyzed hydrolysis. 
ү | 
CHCH; + 2H,0 z C,H,CC,H, + 2CH,OH 
OCH, 
Dimethoxydiphenyl- Water Benzophenone Methanol 


methane 
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(e) Oxidative cleavage of the alkene yields benzophenone. Ozonolysis may be used. 


(СУН )„С==С(С,Н.), 2(С,Н.),С=0 


1. 
ee „с. 
2. ЊО, Zn 
1,1,2,2- Tetraphenylethene Benzophenone 


17.88  Thetwo alcohols given as starting materials contain all the carbon atoms of the desired product. 


CH4(CHj,CH—CHCH,CH —CHCH,CH4-CHCH-—CH, > 


CH,CH,,CH—CHCH,CH—CHCH,CH,OH and HOCH,CH=CH, 


3,6-Hexadecadien-1-ol Allyl alcohol 


What is needed is to attach the two groups together so that the two primary alcohol carbons become 
doubly bonded to each other. This can be accomplished by using a Wittig reaction as the key step. 


О 
| 


206 _„ CH,(CH,),;CH=CHCH,CH=CHCH,CH 


CH,(CH,);CH=CHCH,CH=CHCH,CH,OH —сүср 


3,6-Hexadecadien-1-ol 3,6-Hexadecadienal 


PBr; (СЕН ОР 


H,C=CHCH,OH H,C—CHCH,Br ———'" . (C,H,),PCH,CH=CH, Br 


Allyl alcohol Allyl bromide Allyltriphenylphosphonium bromide 


CH,CH,CH,CH,Li, THF 


T 
(C,H,,P—CHCH—CH, 
Allylidenetriphenylphosphorane 


О 
| | Je m 
CH,(CH,),CH=CHCH,CH=CHCH,CH + (C,H,);>—CHCH=CH, 


3,6-Hexadecadienal Allylidenetriphenylphosphorane 


CH,(CH,),CH=CHCH,CH=CHCH,CH=CHCH=CH, 
1,3,6,9-Nonadecatetraene 


Alternatively, allyl alcohol could be oxidized to CH; == CHCHO for subsequent reaction with the 
ylide derived from СН;(СН,),СН==СНСН,СН==СНСН,СН,ОН via its bromide and triphenyl- 
phosphonium salt. 


17.39 The expected course of the reaction would be hydrolysis of the acetal to the corresponding aldehyde. 


О 
но || 
Sa нен н = сеннен + 2CH,OH 
OH OH 
Compound A Mandelaldehyde Methanol 
(mandelaldehyde 


dimethyl acetal) 
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The molecular formula of the observed product (compound В, C,,H,,O,) is exactly twice that of 
mandelaldehyde. This suggests that it might be a dimer of mandelaldehyde resulting from hemiac- 
etal formation between the hydroxyl group of one mandelaldehyde molecule and the carbonyl group 


of another. 
О о 
C,H,;CH—C 
к z C,H,CH—CH GS ЗОН 
HO | 66 у= 
| ==+ pc ca ===> dà Ò 
OH Хе 
| CHCHC,H, > 
HC—CHC,H, но“ HO Сүн, 


Compound В 


Because compound В lacks carbonyl absorption in its infrared spectrum, ће cyclic structure is 
indicated. 


17.40 (a) Recalling that alkanes may be prepared by hydrogenation of the appropriate alkene, a synthe- 
sis of the desired product becomes apparent. What is needed is to convert —-C—O into 
— C—CH,; a Wittig reaction is appropriate. 


5 ? CH, 
Н.С Н.С Н 
Н.С Н.С 


5,5-Dimethylcyclononanone 1,1,5-Trimethylcyclononane 


The two-step procedure that was followed used a Wittig reaction to form the carbon—carbon 
bond, then catalytic hydrogenation of the resulting alkene. 


O + (C.H.),P—CH THs ён... =P CH 
H,C 6 75/3 2 H,C 2 acetic acid H,C 3 


H,C H,C H,C 


5,5-Dimethylcyclononanone 5,5-Dimethyl-1- 1,1,5- Trimethylcyclononane 
methylenecyclononane (59%) (7396) 


(b) In putting together the carbon skeleton of the target molecule, a methyl group has to be added 
to the original carbonyl carbon. 


сн ri | 
6 oN " 
к=] cae) CHC] + :CH, 
| 
HC CH 


The logical way to do this is by way of a Grignard reagent. 


О OH 
| 1. diethyl ether | 
СНС +  CHMMg  — ———— cH.C 
Е 2. HO | 
CH, 
Cyclopentyl phenyl Methylmagnesium 1-Cyclopentyl-1- 


ketone iodide phenylethanol 
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Acid-catalyzed dehydration yields the more highly substituted alkene, the desired product, in 
accordance with the Zaitsev rule. 


OH 


| C.H; 
H4PO, 
СеН;С 20 heat =) 
| Н.С 
CH, 
1-Cyclopentyl-1-phenylethanol (1-Phenylethylidene)cyclopentane 


(c) Analyzing the transformation retrosynthetically, keeping in mind the starting materials stated 
in the problem, we see that the carbon skeleton may be constructed in a straightforward 


manner. 
H 
CH, | 2 CH, | 
C(CH,),CH=CH, C(CH,),CH=CH, 
+ m 
» + (CH)4P—CH, 
OH 
сн, f ; 


CH 
CH(CH,),;CH=CH, MgBr || 
> + HC(CH,),CH=CH, 


Proceeding with the synthesis in the forward direction, reaction between the Grignard 
reagent of o-bromotoluene and 5-hexenal produces most of the desired carbon skeleton. 


CH, cH; |“ 
MgBr | CH(CH,),CH=CH, 
1. diethyl ether 
+ H,C=CHCH,CH,CH,CH “> 
o-Methylphenylmagnesium 5-Hexenal 1-(o-Methylphenyl)-5-hexen-1-ol 


bromide 


Oxidation of the resulting alcohol to the ketone followed by a Wittig reaction leads to the final 


product. 
ён. QH cu, 9 сн, (P: 
CH(CH,),CH=CH, C(CH,),CH=CH, = С(СН,),СН==СН, 
| РСС | (C Hj,P— CH, 
CH,Cl, 
1-(o-Methylphenyl)-5-hexen-1-ol 1-(o-Methylphenyl)-5-hexen-1-one 2-(o-Methylphenyl)-1,6-heptadiene 


Acid-catalyzed dehydration of the corresponding tertiary alcohol would not be suitable, be- 
cause the major elimination product would have the more highly substituted double bond. 


pu, GS Gn, |" 
VM NE C—CHCHR;CH;CH —CH, 
H* 
OH heat 


2-(o-Methylphenyl)-6-hepten-2-ol 6-(o-Methylphenyl)-1,5-heptadiene 
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(d) Remember that terminal acetylenes can serve as sources of methyl ketones by hydration. 
Ll ES | 
CH,CCH,CH,C(CH,),CH, HC=CCH,CH,C(CH,),CH, 


This gives us a clue as to how to proceed, since the acetylenic ketone may be prepared from 
the starting acetylenic alcohol. 


О 
|| || = 
HC=CCH,CH,C(CH,);CH; > HC=CCH,CH,CH + CH,(CH,),CH, [> HC=CCH,CH,CH,OH 


The first synthetic step is oxidation of the primary alcohol to the aldehyde and construction of 
the carbon skeleton by a Grignard reaction. 


О 
РОС | 1. CH,(CH,);MgBr 
HC=CCH,CH,CH,OH сна HC=CCH,CH,CH ТЕО > HC CCH ЕН НЕНЕН; 
265 . H4 3 
OH 
4-Pentyn-1-ol 4-Pentynal 1-Undecyn-5-ol 


Oxidation of the secondary alcohol to a ketone and hydration of the terminal triple bond com- 
plete the synthesis. 


= mA Е | ыд. | 
HC=CCH,CH,CH(CH,),CH, сист" HC==CCH,CH,C(CH,),CH,; “но, *  CHyCCH,CH,C(CH,),CH, 
OH 
1-Undecyn-5-ol 1-Undecyn-5-one 2,5-Undecanedione 


(e) The desired product is a benzylic ether. To prepare it, the aldehyde must first be reduced to the 
corresponding primary alcohol. Sodium borohydride was used in the preparation described in 
the literature, but lithium aluminum hydride or catalytic hydrogenation would also be possi- 
ble. Once the alcohol is prepared, it can be converted to its alkoxide ion and this alkoxide ion 
treated with methyl iodide. 


а HC а сн, Cl CH, 


| 
NaBH, 1. NaH 


Alternatively, the alcohol could be treated with hydrogen bromide or with phosphorus tribro- 
mide to give the benzylic bromide and the bromide then allowed to react with sodium 
methoxide. 


CI CH, OL СН; ClCH, 


r NaOCH 
CS свог A а on "uon am 


17.41 Step 1 of the synthesis is formation of a cyclic acetal protecting group; the necessary reagents are 
ethylene glycol (НОСН,СН,ОН) and p-toluenesulfonic acid, with heating in benzene. In step 2 the 
ester function is reduced to a primary alcohol. Lithium aluminum hydride (LiAIH,) is the reagent of 
choice. Oxidation with PCC in СН,СІ, converts the primary alcohol to an aldehyde in step 3. 
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Wolff—Kishner reduction (N,H,, KOH, ethylene glycol, heat) converts the aldehyde group to a 
methyl group in step 4. The synthesis is completed in step 5 by hydrolysis (Н,О?) of the acetal- 
protecting group. 


О СОСН, 


СОСН, О CH,OH 


17.42 We need to assess the extent of resonance donation to the carbonyl group by the 7 electrons of the 
aromatic rings. Such resonance for benzaldehyde may be written as 


Сей — € — Gt 


Electron-releasing groups such as methoxy at positions ortho and para to the aldehyde function 
increase the “single-bond character" of the aldehyde by stabilizing the dipolar resonance forms 
and increasing their contribution to the overall electron distribution in the molecule. Electron- 
withdrawing groups such as nitro decrease this single-bond character. The aldehyde with the low- 
est carbonyl stretching frequency is 2,4,6-trimethoxybenzaldehyde; the one with the highest is 
2,4,6-trinitrobenzaldehyde. The measured values are 


CHO CHO CHO 
M : on 
OCH, NO, 
2,4,6-Trimethoxybenzaldehyde Benzaldehyde 2,4,6-Trinitrobenzaldehyde 
(1665 стг!) (1700 стт!) (1715 стг!) 


17.43 The signal in the 'H NMR spectrum at à 9.7 ppm tells us that the compound is ап aldehyde rather 
than a ketone. The 2H signal at 6 2.4 ppm indicates that the group adjacent to the carbonyl is a 
CH, group. The remaining signals support the assignment of the compound as butanal. 


Triplet at Doublet of 
1 ppm triplets at 2.4 ppm 
| 
CH,CH,CH,CH 
Sextet Signal 


at 1.7 ppm at 9.7 ppm 


17.44 


17.45 


17.46 
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A carbonyl group is evident from the strong infrared absorption at 1710 cm '. Since all the Н NMR 
signals are singlets, there are no nonequivalent hydrogens in a vicinal or “three-bond” relationship. 
The three-proton signal at 6 2.1 ppm, and the 2-proton signal at 6 2.3 ppm can be understood as 
О 
|| 


arising from a CH,CCH; unit. The intense 9-proton singlet at 6 1.0 ppm is due to the three equiva- 
lent methyl groups of a (CH4)4C unit. The compound is 4,4-dimethyl-2-pentanone. 


| 
CH,CCH,C(CH,), 
2.1 ppm 2.3 ppm 1.0 ppm 
singlet singlet singlet 


4,4-Dimethyl-2-pentanone 


The molecular formula of compounds A and B (C,H,,O,) indicates an index of hydrogen deficiency 
of 2. Because we are told the compounds are diketones, the two carbonyl groups account for all the 
unsaturations. 

The 'H NMR spectrum of compound A has only two peaks, both singlets, at 8 2.2 and 2.8 ppm. 
Their intensity ratio (6:4) is consistent with two equivalent methyl groups and two equivalent meth- 
ylene groups. The chemical shifts are appropriate for 


| | 
СНС аа CHC 


The simplicity of the spectrum can be understood if we are dealing with a symmetric diketone. 
The correct structure is 


| 
CH,CCH,CH,CCH, 
ed 
Equivalent methylene 


groups do not split 
each other. 


2,5-Hexanedione (compound A) 


Compound B is an isomer of compound A. The triplet-quartet pattern in the ЇН NMR spectrum 
is consistent with an ethyl group and, because the triplet is equivalent to 6 protons and the quartet to 
4, itis likely that two equivalent ethyl groups are present. The two ethyl groups account for four car- 
bons, and because the problem stipulates that the molecule is a diketone, all the carbons are ac- 
counted for. The only C,H,,O, diketone with two equivalent ethyl groups is 3,4-hexanedione. 


| 
CH,CH,C—CCH,CH, 

1.3 ppm 2.8 ppm 

triplet quartet 


3,4-Hexanedione (compound B) 


From its molecular formula (C,,H,,O), the compound has a total of five double bonds and rings. The 
presence of signals in the region 6 7 to 8 ppm suggests an aromatic ring is present, accounting for 
four of the elements of unsaturation. The presence of a strong peak at 1700 ст! in the infrared 
spectrum indicates the presence of a carbonyl group, accounting for the remaining element of 


462 


17.47 


17.48 


17.49-17.50 
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unsaturation. The highest field peak in the NMR spectrum is a 3-proton triplet, corresponding to the 
methyl group of a CH,CH, unit. The 2-proton signal at 6 3.0 ppm corresponds to a CH, unit adja- 
cent to the carbonyl group and, because it is a triplet, suggests the grouping CH,CH,C—=O. The 
compound is butyl phenyl ketone (1-phenyl-1-pentanone). 


О 
| 


Ç pjecen cn cn, 
7 EE uod d 


\ 1.0 ppm triplet 


3.0 ppm 


| Multiplets at 1.4 
triplet 


and 1.7 ppm 


Butyl phenyl ketone 


With a molecular formula of С.Н „О, the compound has an index of hydrogen deficiency of 1. We 
are told that it is a ketone, so it has no rings or double bonds other than the one belonging to its 
C=O group. The peak at 211 ppm in the ^C NMR spectrum corresponds to the carbonyl carbon. 
Only three other signals occur in the spectrum, and so there are only three types of carbons other 
than the carbonyl carbon. This suggests that the compound is the symmetrical ketone 4-heptanone. 


|| 
CH,CH,CH,CCH,CH,CH, 
P: ну ees 


4-Heptanone 
(all chemical shifts in ppm) 


Compounds A and B are isomers and have an index of hydrogen deficiency of 5. Signals in the 
region 125-140 ppm in their "C NMR spectra suggest an aromatic ring, and a peak at 200 ppm 
indicates a carbonyl group. An aromatic ring contributes one ring and three double bonds, and a 
carbonyl group contributes one double bond, and so the index of hydrogen deficiency of 5 is sat- 
isfied by a benzene ring and a carbonyl group. The carbonyl group is attached directly to the ben- 
zene ring, as evidenced by the presence of a peak at m/z 105 in the mass spectra of compounds A 


and B. 
Cem 


m/z 105 


Each PC NMR spectrum shows four aromatic signals, and so the rings are monosubstituted. 

Compound A has three unique carbons in addition to C;H,C—O and so must be 1-phenyl-1- 
butanone. Compound B has only two additional signals and so must be 2-methyl-1-phenyl-1- 
propanone. 


| | 
{_У—бснснен, {_у—сснсн,. 
Compound А Compound В 


Solutions to molecular modeling exercises аге not provided in this Study Guide and Solutions Мап- 
ual. You should use Learning By Modeling for these exercises. 


SELF-TEST 
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PART A 


А-1. 


А-2. 


А-3. 


Give the correct IUPAC name for each of the following: 


(a) 


(b) 


[к Ир | 
CH,CH,CHCHCH,CH 


| 
CH, 


О 
| 


(CH,),CCCH,CH(CH,), 


Write the structural formulas for 


(a) 
(b) 
(c) 


(E)-3-Hexen-2-one 


3-Cyclopropyl-2,4-pentanedione 
3-Ethyl-4-phenylpentanal 
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For each of the following reactions supply the structure of the missing reactant, reagent, or 
product: 


(a) ( у= + HCN 


(5) 


(с) 


(d) 


(e) 


Cf) 


(g) 


(n) 


| 
CHCH + ? 


О H,O, H* 
(CH;),CHCH — — —» ? (two products) 
О 


ME 


уо + 


cay? + C,H;NHNH, 


CH, 


|| 
CH,CH,CH,CH + 2CH,CH,OH 


CH,CH,CH,CH=O 


CN. 


Мн) 


C,H,C=CHCH, 


Na,Cr,0, 
H*, H,O 


C.H,CH —NOH 


НСІ 
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A-4. Write the structures of the products, compounds A through E, of the reaction steps shown. 


A 


(а) (CHP + (CH;),CHCH,Br 
А + CH,CH,CH,CH,Li ——~ B+C,H, 


+ 
C + (C,H;);,P—O7 


B + benzaldehyde 


OH 
(b) ion ГИНИ, нй 
О 
р + Gi coor E + avon 


A-5. Give the reagents necessary to convert cyclohexanone into each of the following com- 
pounds. More than one step may be necessary. 


O 


А-6. (a) What two organic compounds react together (in the presence of an acid catalyst) to 
give the compound shown, plus a molecule of water? 


EC О 
Сн, 


(b) Draw Ше structure of the open-chain form of the following cyclic acetal: 


A-7. Outline reaction schemes to carry out each of the following interconversions, using any 
necessary organic or inorganic reagents. 


О 
(a) (CHj,C—O to (CH,),C—CHCH, 
О О 
CH, CH, 
(b) to 


OH HO CH, 
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О О 
(с) к=; 
CO,H СН,Вг 
А-8. Write a stepwise mechanism for the formation of CH,CH(OCH,), from acetaldehyde and 
methanol under conditions of acid catalysis. 
A-9. Suggest a structure for an unknown compound, СНО, that exhibits a strong infrared ab- 
sorption at 1710 cm ' and has a 'H NMR spectrum that consists of three singlets at 2.1 ppm 
(3H), 3.7 ppm (2H), and 7.2 ppm (5H). 
PART B 
B-1. Which of the compounds shown is (are) correctly named as pentane derivatives, either as 
pentanals or pentanones? 
O 
O. H 
H 
O 
1 2 3 
(а) lonly (b) 2 only (c) 3 only (4) land3 (e None of them 
B-2. The compound shown is best classified as a(an) 
(CH44CCH;,CH—NCH, 
(a) | Carbinolamine (d) Imine 
(b)  Enamine (e) Oxime 
(c) Hydrazone 
B-3. When a nucleophile encounters a ketone, the site of attack is 
(a) The carbon atom of the carbonyl 
(b) The oxygen atom of the carbonyl 
(c) Both the carbon and oxygen atoms, with equal probability 
(d) No attack occurs—ketones do not react with nucleophiles. 
B-4. What reagent and/or reaction conditions would you choose to bring about the following con- 
version? 
O 
C 2 J —— Е + HOCH,CH,OH 
О 
(a) 1. LiAIH,, 2. H,O (c) H,O, H,SO,, heat 
(b) H,O, NaOH, heat (d) РСС, СН,С1, 
B-5. Rank the following in order of increasing value of the equilibrium constant for hydration, 


Куа (smallest value first). 


о | 
иќ Го | (CH),CCCICH,), 
1 2 1 


@ 1<2<3_ (b) 3<1<2 (су 2<1<3 (d) 22341 
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О 
OH 


H 


B-6. The structure 


would be best classified as a(n) 
(а) Acetal (c) Hydrate 
(b) Hemiacetal (d) Cyanohydrin 


B-7. Which of the following pairs of reactants is most effective in forming an enamine? 
| 
(a) CH,CH,CH + [(CH,),CH],NH 


[e 
|| 
(b) (CH,),CCH + (CH,),;NH 


О 


(с) + (CH,),CNH, 


(d) None of these forms an enamine. 


B-8. Which of the following species is an ylide? 


(а) (C,H,);PCH,CH, Bro (c) (сво р—снсн, 
O—CH, 
(b) (C,Hj,PCHCH, (d) None of these 


B-9. Which pair of the following compounds could serve as the reagents X and Y in the follow- 
ing reaction sequence? 


| CH, 
(НУР _CH;CH,CH,CH,Li _ Xe (CH,),CHCH= с^ 
3/2 P 
СЊСН, 


ЇЕ | 
(CH,),CHCH,Br _ (CH;),CHBr CH,CH,CHBr = (CH,),CHCH  . СЊССН, 


1 2 3 4 5 
X Y X Y 
(у 1 5 (d) 2 5 
b) 1 4 ез 4 
O 2 4 
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B-10. The final product of the following sequence of reactions is. 


B-11. 


B-12. 


H,C=O H,0* 
(CH,O,CHCH,CH,CHBr 8. 9, а d 


heat 


1 
(a) CH,OCCH,CH,CH,CH,OH 


| 
(b CH,CCH,CH,CH,CH,OH 
| 
(с) HCCH,CH,CH,CH,OH 
| | 
(d) HCCH,CH,CH,CH 
| 
(е) (CH,O),CHCH,CH,CH,CH 


Which of the following sets of reagents, used in the order shown, would successfully ac- 
complish the conversion shown? 


CH, 


| | 
(Убе, : ( )—©ненснен, 


OH 


(a) CH,CH,CH,MgBr; H,0*; PCC, CH,Cl, 
(b) CH,CH,CH,MgBr; H,0*; H,SO,, heat; РСС, СН,СІ, 


(c) (C,H,);P — CHCH,CH,; B,H,; H,O,, HO- 
(d) C H4),P —CHCH,CH,; H,SO,, H,O 


Which of the following species is the conjugate acid of the hemiacetal formed by reaction of 
benzaldehyde with methanol containing a trace of acid? 


‚Юн OH 

@ cach «) ccn 
_ 
OCH, Он, 

+ 

он 

(b) C.Hs;CH=OCH, (е C,H.CH 

OH 


/ 
(c) C,H,CH 
ОСН, 
Н 
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B-13. Which sequence represents the best synthesis of hexanal? 


CH,CH,CH,CH,CH,CH —O 


Hexanal 


|| 
CH,CH,CH,CH —CH, + CH,COOH 


(a) 1. CH,CH,CH,CH,Br + NaC=CH (с) 1 
2. H,O, H,SO,, HgSO, 2. CH,MgBr, diethyl ether 
3. H,O* 
4. PCC, CH,Cl, 
| 
(b) 1. CH,CH,CH,CH,CCH, (d) 1. CH,CH,CH,CH,MgBr + HC СН, 
O 
2 сн (оон 2. H,O* 
3. АН, 3. РСС, СН,СІ, 
4. H,O 
5. РСС, СН,СІ, 


B-14. The amino ketone shown undergoes a spontaneous cyclization on standing. What is the 
product of this intramolecular reaction? 


| 
CCH, 
E ке 


CH, 
[e CH, 
ла 
CH, CH, 
(a) (d) 
CH, CH, 
MOS 
NH, CH, 
(b) (e) 
CH, 


ALDEHYDES AND KETONES: NUCLEOPHILIC ADDITION TO THE CARBONYL GROUP 469 


B-15. Which of the following compounds would have a 'H NMR spectrum consisting of three sin- 


B-16. 


glets? 
CH, O О о 
(а) бн бй (с) Оннан 
бн, 
| 
(b) cucH,cr,CcH,cH,cH, (d) {У сњснсн 


Which of the following compounds would have the fewest number of signals in Из С NMR 
spectrum? 


igni | 
(а) а (с) ЧАСНО HOR, 
CH, CH, CH, 
|| || 
(b) CH,CH,CH,CCH,CH,CH, (d) CH,CHCCH,CH; 


| 
CH, 


G 
V - 
© 


6» 


СНАРТЕК 18 
ENOLS АМО ENOLATES 


SOLUTIONS TO TEXT PROBLEMS 


18.1 (b) There are no a-hydrogen atoms in 2,2-dimethylpropanal, because the a-carbon atom bears 
three methyl groups. 


2,2-Dimethylpropanal 
(c) All three protons of the methyl group, as well as the two benzylic protons, are a hydrogens. 
| 
C,H,CH,CCH, 


Five a hydrogens 


Benzyl methyl ketone 


(d) Cyclohexanone has four equivalent o hydrogens. 


H 
О 


н 
н 


Cyclohexanone (the hydrogens 
indicated are the a hydrogens) 
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18.2 As shown in the general equation and the examples, halogen substitution is specific for the a-carbon 
atom. The ketone 2-butanone has two nonequivalent o carbons, and so substitution is possible at 
both positions. Both 1-chloro-2-butanone and 3-chloro-2-butanone are formed in the reaction. 


[e О 
20506 + CL x С ДЕ + can 
а 
2-Butanone Chlorine 1-Chloro-2-butanone 3-Chloro-2-butanone 


18.3 The carbon-carbon double bond of the enol always involves the original carbonyl carbon and the 
a-carbon atom. 2-Butanone can form two different enols, each of which yields a different a-chloro 


ketone. 

О OH О 
Cu C Ch; === нс=сснсн, — cicu ca cn 
2-Butanone 1-Buten-2-ol (enol) 1-Chloro-2-butanone 

OH 

eas — ese 22 ае 

б 
2-Butanone 2-Buten-2-ol (enol) 3-Chloro-2-butanone 


18.4 Chlorine attacks the carbon-carbon double bond of each enol. 


| 
:OH OH 
© | : 
UO S CICH,—CCH,CH, + Cl 
са 
m ДА 
:OH OH 
G | | 
CH,C—CHCH, CERES нен + а 
oe Cl 


Ся 


18.5 (b) Acetophenone сап enolize only in the direction of the methyl group. 


| үн 
Acetophenone Enol form of acetophenone 


(c)  Enolization of 2-methylcyclohexanone can take place in two different directions. 


CH, CH, CH, 
OH О OH 


2-Methylcyclohex-1-enol 2-Methylcyclohexanone 6-Methylcyclohex-1-enol 
(enol form) (enol form) 
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18.6 (b)  Enolization of the central methylene group can involve either of the two carbonyl groups. 


ies NE T o] 
C,H,CCH—CCH, CH,CCH,CCH, CH,C—CHCCH, 
Enol form ]-Phenyl-1,3-butanedione Enol form 


18.7 (b) Removal of a proton from 1-phenyl-1,3-butanedione occurs on the methylene group between 
the carbonyls. 


|| 1T 
C,H,CCH,CCH, + но“ 


C,H,CCHCCH, + H,O 


The three most stable resonance forms of this anion are 


C,H;CCH=CCH, 


T T 
C,H,CCHCCH, 


dr 
C.H,C=CHCCH, 


(c)  Deprotonation at C-2 of this B-dicarbonyl compound yields the carbanion shown. 


O 

H 
| _ „СН 
Hy ног —— + HO 


The three most stable resonance forms of the anion are: 


б T :б T :б: х) 
: „СН b : CH 


18.8 Each of the five а hydrogens has been replaced by deuterium by base-catalyzed enolization. Only 
the OCH, hydrogens and the hydrogens on the aromatic ring are observed in the 'H NMR spectrum 
at 6 3.9 ppm and 6 6.7—6.9 ppm, respectively. 


CH,O CH,O 


О О 
|| K,CO, [ 
CH,O CH,CCH, + 5DO + CH,O CD,CCD, + SDOH 


18.9  o-Chlorination of (R)-sec-butyl phenyl ketone in acetic acid proceeds via the enol. The enol is achi- 
ral and yields equal amounts of (R)- and (S)-2-chloro-2-methyl-1-phenyl-1-butanone. The product 
is chiral. It is formed as a racemic mixture, however, and this mixture is not optically active. 


0 ой, MEE QD | $e 
C,H,C—G a C=C : C,H,C—CCH,CH, 
н C,H 4 “он | 
3 6125 3 СІ 
(R)-sec-Butyl phenyl ketone Enol 2-Chloro-2-methyl-1- 


phenyl-1-butanone 
(5096 R; 5096 S) 
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18.10 (b) Approaching this problem mechanistically in the same way as part (a), write the structure of 
the enolate ion from 2-methylbutanal. 


o- 
|| А | | 
кончен + но“ Свини ен а. 
CH, CH, CH, 
2-Methylbutanal Enolate of 2-methylbutanal 
This enolate adds to the carbonyl group of the aldehyde. 
O CH O CH 
2^ ар ine 
CH,CH,CHCH ;CCH,CH, CH,CH,CHCH—CCH,CH, 
NM | | | 
CH, HC—O CH, HC—O 
2-Methylbutanal Enolate of 


2-methylbutanal 


A proton transfer from solvent yields the product of aldol addition. 


ЖЕ. DE 
CH,CH,CHCH—CCH,CH, + HO CH,CH,CHCH—CH,CH, i 
CH, HC—O CH, HC—O 


2-Ethyl-3-hydroxy-2.4- 
dimethylhexanal 


(c) The aldol addition product of 3-methylbutanal can be identified through the same mechanis- 
tic approach. 


| = || 
(CHj,CHCH,CH + HO. === (CH,),CHCHCH + H,O 


3-Мету шапа! Enolate of 
3-methylbutanal 


|2 1 
(CH,),CHCH,CH + :CHCH(CH,), (CH) ,CHCH,CH—CHCH(CH)) 
HC=O НС=0 
3-Мету шапа! Enolate of 


3-methylbutanal 
H,O 


н 


(CH,),CHCH,CH—CHCH(CH,), + он“ 
HC—O 


3-Hydroxy-2-isopropyl-5-methylhexanal 
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18.11 Dehydration of the aldol addition product involves loss of a proton from the a-carbon atom and 
hydroxide from the B-carbon atom. 


сон © 
| | ies | _ 
воо —“"—+ R,C=CHCH + H,O + HO 


(b) The product of aldol addition of 2-methylbutanal has no а hydrogens. It cannot dehydrate to 
an aldol condensation product. 


но | CH, 
jc cHcH IE Go Hen етен 
о а HC—O 
2-Methylbutanal (No protons on a-carbon atom) 


(c) А140] condensation is possible with 3-methylbutanal. 


О HO 
ea ener Н zo BEER CH E O . (CH,),CHCH,CH=CCH(CH,), 
HC—O HC—O 
3-Methylbutanal Aldol addition product 2-Isopropyl-5-methyl-2-hexenal 


18.12 The carbon skeleton of 2-ethyl-1-hexanol is the same as that of the aldol condensation product 
derived from butanal. Hydrogenation of this compound under conditions in which both the 
carbon-carbon double bond and the carbonyl group are reduced gives 2-ethyl-1-hexanol. 


O 
| NaOH, H,O || H,, Ni 
CH,CH,CH|CH — > CH,CH,CH,CH=CCH CH, CH,CH,CH,CHCH,OH 
CH,CH, CH,CH, 
Butanal 2-Ethyl-2-hexenal 2-Ethyl-1-hexanol 


18.13 (b) The only enolate that can be formed from tert-butyl methyl ketone arises by proton abstrac- 
tion from the methyl group. 


| || 
(CHj,CCCH, + НО” === (CH,),CCCH, 
tert-Butyl methyl Enolate of tert-butyl 


ketone methyl ketone 
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This enolate adds to the carbonyl group of benzaldehyde to give the mixed aldol addition 
product, which then dehydrates under the reaction conditions. 


[2 | ү Ld 

уы H,O 
C,H,CH + 2CH,CC(CHj) CH,CHCH,CC(CH,), : C,H,CHCH,CC(CH,), 
Benzaldehyde Enolate of tert-butyl Product of mixed aldol addition 


methyl ketone 


-H,O 


| 
C,H;CH=CHCC(CH,), 


4,4-Dimethyl-1-phenyl-1-penten-3-one 
(product of mixed aldol condensation) 


(c) The enolate of cyclohexanone adds to benzaldehyde. Dehydration of the mixed aldol addition 
product takes place under the reaction conditions to give the following mixed aldol condensa- 
tion product. 


| iir CHC,H, 
+  C,H,CH 


+ HO 
Cyclohexanone Benzaldehyde Benzylidenecyclohexanone 


18.14  Mesityl oxide is an a,B-unsaturated ketone. Traces of acids or bases can catalyze its isomerization 
so that some of the less stable B,y-unsaturated isomer is present. 


О 
ес Е | Н.С \ | 
снссн, === Х—сн,ссн, 
HC H,C 
Mesityl oxide; 4-methyl- 4-Methyl-4-penten-2-one 
3-penten-2-one (less stable) 


(more stable) 


18.15 The relationship between the molecular formula of acrolein (C,H,O) and the product (СНА МО) 
corresponds to the addition of HN, to acrolein. Because propanal (CH,CH,CH —O) does not react 
under these conditions, the carbon-carbon, not the carbon-oxygen, double bond of acrolein is the re- 
active site. Conjugate addition is the reaction that occurs. 


| 
H,C=CHCH 


NaN; 
acetic acid 


|| 
N,CH,CH,CH 


Acrolein 3-Azidopropanal 
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18.16 The enolate of dibenzyl ketone adds to methyl vinyl ketone in the conjugate addition step. 


О 
Scene 4 а= и т 
CH,CH,CCH, 
{ 
Dibenzyl ketone Methyl vinyl ketone 1,3-Diphenyl-2,6-heptanedione 
via 
О О 
а ӨЕ РТА 
HC SOHCCH, ње внсси, 
Ó 


C,H O 
p> CEN 2 C.H; О 
CH,CH,—C Hc. е: е 
NaOCH, и N H,O 
CHC CHC,H, — ps CHC,H, H,C C,H, 
Ц CH,—CH, HO CH,—CH, 
1,3-Diphenyl-2,6-heptanedione 3-Methyl-2,6-diphenyl-2- 


cyclohexen-1-one 


18.17 A second solution to the synthesis of 4-methyl-2-octanone by conjugate addition of a lithium 
dialkylcuprate reagent to an a,8-unsaturated ketone is revealed by the disconnection shown: 


| | 

В a 

ссни ниен, > CH,CH,CH,CH,CH=CHCCH, 
CH, Сн, 


Disconnect this bond. 


According to this disconnection, the methyl group is derived from lithium dimethylcuprate. 


[e [e 
|| || 
CH,CH,CH,CH,CH=CHCCH, + LiCu(CH,), нын, 


CH, 


3-Octen-2-one Lithium 4-Methyl-2-octanone 
dimethylcuprate 


18.18 (a) In addition to the double bond of the carbonyl group, there must be a double bond elsewhere 
in the molecule in order to satisfy the molecular formula C,H,O (the problem states that the 
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compounds are noncyclic). There are a total of five isomers: 


Š | | 


H CH H,C CH 
H,C—CHCH eH =“ í Sees 
^ d "d N / X 
H,C H H H 
3-Butenal (E)-2-Butenal (Z)-2-Butenal 


O 
H,C—CCH eaten: 
ён, 
2-Methylpropenal 3-Buten-2-one 
(methyl vinyl ketone) 


(b) The E and Z isomers of 2-butenal are stereoisomers. 
(c) None of the C,H,O aldehydes and ketones is chiral. 
(d) The a,G-unsaturated aldehydes are (E)- and (4)-СН,СН==СНСНО; and шл а 


CH, 
| 
There is опе a,G-unsaturated ketone in the group: H;C—CHCCH,. 
(e) The E and Z isomers of 2-butenal are formed by the aldol condensation of acetaldehyde. 


18.19 The main flavor component of the hazelnut has the structure shown. 


H,C ys 
Pom e x. 
H KA Сен 
О СЊСН, 


(2E,5S)-5-Methyl-2-hepten-4-one 


18.20 The characteristic reaction of an alcohol on being heated with KHSO, is acid-catalyzed dehydration. 
Secondary alcohols dehydrate faster than primary alcohols, and so a reasonable first step is 


KHSO, 
ааг — HOCH,CH=CHOH 
OH 
1,2,3-Propanetriol Propene-1,3-diol 


The product of this dehydration is an enol, which tautomerizes to an aldehyde. The aldehyde then 
undergoes dehydration to form acrolein. 
O 
| 


KHSO, 
HOCH,CH,CH 


[ 
HOCH,CH=CHOH H,C=CHCH 


heat 
(-H50) 


Propene-1,3-diol 3-Hydroxypropanal Acrolein 
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18.21 


(a) 


(b) 


(c) 
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2-Methylpropanal has the greater enol content. 


| үн 
(CH,),CHCH (CH,),C=CH 
2-Methylpropanal Enol form 


Although the enol content of 2-methylpropanal is quite small, the compound is nevertheless 
capable of enolization, whereas the other compound, 2,2-dimethylpropanal, cannot enolize— 
it has no a hydrogens. 


(Enolization is impossible.) 


Benzophenone has no а hydrogens; it cannot form an enol. 


| 
(Enolization is impossible.) 


Dibenzyl ketone enolizes slightly to form a small amount of enol. 


он 
C,H,CH=CCH,C,H, 


| 
C,H,CH,CCH,C,H, 


Dibenzyl ketone Enol form 


Here we are comparing a simple ketone, dibenzyl ketone, with a B-diketone. The B-diketone 
enolizes to a much greater extent than the simple ketone because its enol form is stabilized by 
conjugation of the double bond with the remaining carbonyl group and by intramolecular hy- 
drogen bonding. 


„Н 
| | 
C,H,CCH,CC,H, CH,C,  2CGH, 
CH 
1,3-Diphenyl-1,3- Enol form 


propanedione 


(d) The enol content of cyclohexanone is quite small, whereas the enol form of 2,4-cyclo- 


hexadienone is the aromatic compound phenol, and therefore enolization is essentially 


complete. 
Qe — On 


Keto form Enol form (aromatic; 
much more stable) 
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(e) A small amount of enol is in equilibrium with cyclopentanone. 


(јео == [pon 


Cyclopentanone Enol form 


Cyclopentadienone does not form a stable enol. Enolization would lead to a highly strained 
allene-type compound. 


H 


e == (Сон 


(Not stable; 


highly strained) 
(f) The B-diketone 15 more extensively enolized. 
О ОН 
О О 
1,3-Сус1оһехапейопе Enol form (double bond 


conjugated with carbonyl group) 


The double bond of the enol form of 1,4-cyclohexanedione is not conjugated with the car- 
bony] group. Its enol content is expected to be similar to that of cyclohexanone. 


О ОН 
О О 
1,4-Cyclohexanedione Enol form (not particularly stable; 


double bond and carbonyl group 
not conjugated) 


18.22 (a) Chlorination of 3-phenylpropanal under conditions of acid catalysis occurs via the enol form 
and yields the a-chloro derivative. 


О О 


acetic acid 
——— 


|| || 
C,H,CH,CH,CH + Cl, нса нен + HCl 


Cl 
3-Phenylpropanal 2-Chloro-3- 
phenylpropanal 
(b) Aldehydes undergo aldol addition on treatment with base. 
О НС=0 


NaOH | 


2C,H,CH,CH,CH SS CECH она ненен; 


OH 
3-Phenylpropanal 2-Benzyl-3-hydroxy-5-phenylpentanal 
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(c) Dehydration of the aldol addition product occurs when the reaction is carried out at elevated 
temperature. 


HC—O 


NaOH | 


| 
2C,H,CHCH,CH селее”  C4H,CH;CH;CH—CCH;CU, 


3-Phenylpropanal 2-Benzyl-5-phenyl-2-pentenal 


(d) Lithium aluminum hydride reduces the aldehyde function to the corresponding primary 


alcohol. 
HC—O CH,OH 
1. ШАІН, 
CH,CH,CH,CH—CCH;CH, -yno >” CoHsCH)CH,CH=CCH,C,H, 
2-Benzyl-5-phenyl-2-pentenal 2-Benzyl-5-phenyl-2-penten-1-ol 


(e) A characteristic reaction of a,B-unsaturated carbonyl compounds is their tendency to undergo 
conjugate addition on treatment with weakly basic nucleophiles. 


HC—O HC—O 
C,H,CH,CH,CH=CCH,C.H, — =“ C,H,CH,CH,CHCHCH,CH, 
бы 
2-Benzyl-5-phenyl-2-pentenal 2-Benzyl-3-cyano-5-phenylpentanal 


18.23 (a) Ketones undergo а halogenation by way of their enol form. 


О О 

| с, || 

CCH,CH; сна” yee 
Cl 


Cl Cl 
1-(o-Chlorophenyl)- 2-Chloro-1-(o-chlorophenyl)- 
1-propanone 1-propanone 


(b) The combination of C;CH;CH,SH and NaOH yields С,Н;СН,5 (as its sodium salt), which is 
a weakly basic nucleophile and adds to a,G-unsaturated ketones by conjugate addition. 


O O 
H а CH ees cC ‘а 
| M INR D CCHS) 
SCH, C,H; 
2-Isopropylidene-5- 2-(1-Benzylthio-1-methylethyl)-5- 
methylcyclohexanone methylcyclohexanone (89-90%) 


(c) Bromination occurs at the carbon atom that is а to the carbonyl group. 


О О 
C.H. C.H 
615 Br, Br 6115 
СН; diethyl ether СН; 
2,2-Diphenylcyclo- 2-Bromo-5,5- 
pentanone diphenylcyclopentanone 


(76%) 
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(d) The reaction is a mixed aldol condensation. The enolate of 2,2-diphenylcyclohexanone reacts 
with p-chlorobenzaldehyde. Elimination of the aldol addition product occurs readily to yield 
the a,B-unsaturated ketone as the isolated product. 


O 
О СН, OH o 
af у-н + Cu. XH. L у бн | 89 
ethanol 
= СН; 
p-Chlorobenzaldehyde 2,2-Diphenylcyclo- (Not isolated) 
hexanone 


-H,O 


Q 
at У сн Css 
C.H; 


2-(p-Chlorobenzylidene)-6,6- 
diphenylcyclohexanone (8496) 


(e) The aldehyde given as the starting material is called furfural and is based on a furan unit as 
an aromatic ring. Furfural cannot form an enolate. It reacts with the enolate of acetone in a 
manner much as benzaldehyde would. 


O O O O 
f Y I | "NE NM so LA | 
оќ СН + CHCCH, —— Mg (нео, оќ "CH—CHCCH, 
OH 
Furfural Acetone (Not isolated) 4-Furyl-3-buten-2-one 


(60-66%) 


(f) Lithium dialkylcuprates transfer an alkyl group to the B-carbon atom of a,B8-unsaturated 
ketones. 
О О 
CH, CH, 
> 1. diethyl ether 
+ LiCu(CH,), 


2. H,O 
CH, 
H,C CH, H,C CH, 
2,4,4-Trimethyl-2- 2,3,4,4- Tetramethyl- 
cyclohexenone cyclohexanone 


A mixture of stereoisomers was obtained in 67% yield in this reaction. 

(e) Two nonequivalent a-carbon atoms occur in the starting ketone. Although enolate formation 
is possible at either position, only reaction at the methylene carbon leads to an intermediate 
that can undergo dehydration. 


Q EA О 
СНСН CHC,H 
oe 6125 но 6115 
C,H,CHO 
Observed product 


(75% yield) 
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Reaction at the other o position gives an intermediate that cannot dehydrate. 


M 
0 сн,сн] 
Фед јео 


(Cannot dehydrate; 
reverts to starting materials) 


(ћу  B-Diketones readily undergo alkylation by primary halides at the most acidic position, on the 
carbon between the carbonyls. 


O O 
KOH 
+ H,C—CHCH,Br CH,CH=CH, 
О О 
1,3-Cyclo- Allyl bromide 2-Allyl-1,3-cyclohexanedione 
hexanedione (75%) 


18.24 (а) Conversion of 3-pentanone to 2-bromo-3-pentanone is best accomplished by acid-catalyzed 
bromination via the enol. Bromine in acetic acid is the customary reagent for this 
transformation. 


Br, | 


| 
CH,CH,CCH,CH, ——— а 
Вг 
3-Pentanone 2-Bromo-3-pentanone 


(b) Once 2-bromo-3-pentanone has been prepared, its dehydrohalogenation by base converts it to 
the desired a,6-unsaturated ketone 1-penten-3-one. 


О О 
|| KOC(CH,); || 
CH,CHCCH,CH, ——+ H,C=CHCCH,CH, 
Br 
2-Bromo-3-pentanone 1-Penten-3-one 


Potassium tert-butoxide is a good base for bringing about elimination reactions of secondary 
alkyl halides; suitable solvents include tert-butyl alcohol and dimethyl sulfoxide. 
(c) Reduction of the carbonyl group of 1-penten-3-one converts it to the desired alcohol. 


1. LiAIH,, diethyl ether т: 
2Ho 7 TERIS D 
OH 


1-Penten-3-one 1-Penten-3-ol 


[ 
H,C=CHCCH,CH, 


Catalytic hydrogenation would not be suitable for this reaction because reduction of the dou- 
ble bond would accompany carbonyl reduction. 


ENOLS AND ENOLATES 483 
(d) Conversion of 3-pentanone to 3-hexanone requires addition of a methyl group to the B-carbon 
atom. 
| || 
B 
CH,CH,CH,CCH,CH, i: зен, + H,C=CHCCH,CH, 


The best way to add an alkyl group to the В carbon of a ketone is via conjugate addition of a 
dialkylcuprate reagent to an a,8-unsaturated ketone. 


O 
| 1. LiCu(CH,), | 
H,C—CHCCH,CH, = о” CH,CH,CH,CCH,CH, 
1-Penten-3-one 3-Hexanone 


[prepared as described in part (b)] 


(e) The compound to be prepared is the mixed aldol condensation product of 3-pentanone and 


benzaldehyde. 
| ji 
CH,ÇCCH,CH, [> CH,CHCCH,CH, + CHR 
CH,CH 


2-Methyl-1-phenyl- 
1-penten-3-one 


The desired reaction sequence is 


edu | Жө 


|| - = | 
CH,CH,CCH,CH, HO CH,CHCCH,CH, — > CH,CHCCH,CH, CH,CCCH,CH, 
C;HCHOH C,H;CH 
3-Pentanone Enolate of 3-pentanone Aldol addition product 2-Methyl-1-phenyl- 
(not isolated; dehydration 1-penten-3-one 


occurs under conditions 
of its formation) 


18.25 (а) The first step is an а halogenation of a ketone. This is customarily accomplished under condi- 
tions of acid catalysis. 


| | 
Br, 
(CH,),CCCH, = (CH,),CCCH,Br 
3,3-Dimethyl-2-butanone 1-Bromo-3,3-dimethyl-2-butanone (58%) 


In the second step the carbonyl group of the a-bromo ketone is reduced to a secondary 
alcohol. As actually carried out, sodium borohydride in water was used to achieve this 


transformation. 
О ОН 
| NaBH, | 
(CH,;),CCCH,Br но” (СН„),ССНСН,„Вг 


1-Bromo-3,3-dimethyl-2-butanone 1-Bromo-3,3-dimethyl-2-butanol (54%) 
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The third step is conversion of a vicinal bromohydrin to an epoxide in aqueous base. 


OH 
| KOH /\ 
(CH,),CCHCH,Br "m (CH).CC—CH, 
2 
H 
]-Bromo-3,3-dimethyl-2-butanol 2-tert-Butyloxirane (68%) 


(b) The overall yield is the product of the yields of the individual steps. 
Yield — 100(0.58 X 0.54 X 0.68) 
= 21% 


18.26 The product is a sulfide (thioether). Retrosynthetic analysis reveals a pathway that begins with ben- 
zene and acetic anhydride. 


О 
|| 3 
{_Уу—бснвсиснусн, [> ann Br + :SCH,CHCH,CH, 
CH, ШП + © m a2" 


The desired synthesis can be accomplished with the following series of reactions: 


оо О О 
| || AICI, || Br, | 
+ CH,COCCH, ——— CCH, T CCH,Br 


Benzene Acetic anhydride Acetophenone Bromomethyl phenyl 
ketone 


The synthesis is completed by reacting bromomethyl phenyl ketone with 1-propanethiolate anion. 


(0) 
ez | 
CH,CH,CH,SH 9" CH,CH,CH,S= {_Уу—бснвсиснун, 


1-Propanethiol 1-Propanethiolate Phenyl (1-thiopropyl)- 
methyl ketone 


18.27 АП these problems begin in the same way, with exchange of all the o protons for deuterium 
(Section 18.8). 


Cyclopentanone Cyclopentanone-2,2,5,5-d, 
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Once the tetradeuterated cyclopentanone has been prepared, functional group transformations are 
employed to convert it to the desired products. 


(a) Reduction of the carbonyl group can be achieved by using any of the customary reagents. 


H OH 
NaBH, or D D 
НОЕ ог 
Pt D D 
Cyclopentanone-2,2,5,5-d, Cyclopentanol-2,2,5,5-d, 


(b) Acid-catalyzed dehydration of the alcohol prepared in part (a) yields the desired alkene. 


H 
D 
O HSO, › D 
ЕЕ” р 
Cyclopentanol-2,2,5,5-d, Cyclopentene-1,3,3-d, 


(c) Catalytic hydrogenation of the alkene in part (b) yields cyclopentane-1,1,3-d,. 


H H H 
D D Pt D H 
D T E D D 


Cyclopentene-1,3,3-d, Hydrogen Cyclopentane-1,1,3-d, 


(d) Carbonyl reduction of the tetradeuterated ketone under Wolff-Kishner conditions furnishes 


the desired product. 
D 
НММ, р 
"KOH, diethylene diethylene p-X уь 
glycol, heat 


Cyclopentanone-2,2,5,5-d, Cyclopentane-1,1,3,3-d, 


Alternatively, Clemmensen reduction conditions (Zn, НСІ) could be used. 


18.28 (a) Hydroformylation converts alkenes to aldehydes having one more carbon atom by reaction 
with carbon monoxide and hydrogen in the presence of a cobalt octacarbonyl catalyst. 


Co4(CO), | 
CH,CH=CH, + CO + H,  — — CH,CH,CH,CH 
Propene Carbon Hydrogen Butanal 
monoxide 


(b)  Aldol condensation of acetaldehyde to 2-butenal, followed by catalytic hydrogenation of the 
carbon-carbon double bond, gives butanal. 


NaOH Н, | | 


|| 
2CH,CH - CH,CH—CHCH x CH,CH,CH,CH 


Acetaldehyde 2-Butenal Butanal 
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18.29 (a) 


(b) 


(c) 


ENOLS AND ENOLATES 


The first conversion is the o halogenation of an aldehyde. As described in Section 18.2, this 
particular conversion has been achieved in 8096 yield simply by treatment with bromine in 
chloroform. 


О 

i бн 

CH 
as Br, Br 

— o 
CHCI, 

Cyclohexane- 1-Bromocyclohexane- 
carbaldehyde carbaldehyde 


Dehydrohalogenation of this compound can be accomplished under E2 conditions by treat- 
ment with base. Sodium methoxide in methanol would be appropriate, for example, although 
almost any alkoxide could be employed to dehydrohalogenate this tertiary bromide. 


| 
CH | 
CH 
Br NaOCH, 
—————— 
CH,OH 
1-Bromocyclohexane- Cyclohexene-1- 
carbaldehyde carbaldehyde 


As the reaction was actually carried out, the bromide was heated with the weak base 
N,N-diethylaniline to effect dehydrobromination in 71% yield. 

Cleavage of vicinal diols to carbonyl compounds can be achieved by using periodic acid 
(HIO,) (Section 15.12). 


| 
ОН 
но, СН 
My, CH 
ОН | | 
O 
trans-1,2-Cyclohexanediol 1,6-Hexanedial 


The conversion of this dialdehyde to cyclopentene-1-carbaldehyde is an intramolecular aldol 
condensation and is achieved by treatment with potassium hydroxide. 


| | 
СН СН 
HO 
CH 
| Cyclopentene-1- 


carbaldehyde 


As the reaction was actually carried out, cyclopentene-1-carbaldehyde was obtained in 58% 
yield from trans-1,2-cyclohexanediol by this method. 

The first transformation requires an oxidative cleavage of a carbon-carbon double bond. 
Ozonolysis followed by hydrolysis in the presence of zinc is indicated. 


CH, CH, 
1.0, So || 
2. H,O, Zn CH,CH 
CH(CH,), CH(CH,), 
4-Isopropyl-1- 3-Isopropyl-6- 


methylcyclohexene oxoheptanal 
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Cyclization of the resulting keto aldehyde is an intramolecular aldol condensation. Base is 


required. 
cH | | 
3 Ti CHC он CH,C 
О H. 
Oe Mike eie a E: Omo 
CH,CH CH,CH 
CH(CH,), CH(CH,), | СН(СН)), | СН(СН)), 


(d) The first step in this synthesis is the hydration of the alkene function to an alcohol. Notice that 
this hydration must take place with a regioselectivity opposite to that of Markovnikov's rule 
and therefore requires a hydroboration-oxidation sequence. 


О 
|| 1. В,Н,, THF | 
(CH),C—CHCH,CH,CCH, uv (CH), CHCHCH,CHCCH, 
ђ 520), 
ОН 
6-Methyl-5-hepten-2-one 5-Hydroxy-6-methyl-2-heptanone 


Conversion of the secondary alcohol function to a carbonyl group can be achieved with any of 
a number of oxidizing agents. 


О 
| | H,CrO, 
(CH), CHCHCH,CHCCH, — P". (CH,),CHCCH,CH,CCH, 
OH 
5-Hydroxy-6-methyl-2-heptanone 6-Methyl-2,5-heptanedione 


Cyclization of the dione to the final product is a base-catalyzed intramolecular aldol conden- 
sation and was accomplished in 7196 yield by treatment of the dione with a 296 solution of 
sodium hydroxide in aqueous ethanol. 


fee | | 


(CH,),CHCCH,CH,CCH, (CH,),CHCCH,CH,C=CH, 
0 O 
С С 
CHA ~ P ioc -H,O 
(CH) CH ) ~ a CH? Juden 
fto (CH) CHS xe : 
6.2 HO 


18.30 Intramolecular aldol condensations occur best when a five- or six-membered ring is formed. 
Carbon-carbon bond formation therefore involves the aldehyde and the methyl group attached to 
the ketone carbonyl. 


нс СН, 
va 
| 1 Fe CH CH, CH; 
CH,CCH,CCH=O КН. ee b о– e "ON 
M o^ “ён, OH 
2,2-Dimethyl-4- 4,4-Dimethyl-2- 


oxopentanal cyclopentenone (6396) 
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18.31 (а) By realizing that the primary alcohol function of the target molecule can be introduced by ге- 
duction of an aldehyde, it can be seen that the required carbon skeleton is the same as that of 
the aldol addition product of 2-methylpropanal. 


са iH i 
# 

(снусненссњон > (CH) CHOICE > 2(CH,),CHCH 
HO CH, Ho cH, Н 


The synthetic sequence is 


О CH, CH, 
нае мон. ‹сну,снєнсс/ ое (OBS GHCHOOH OR 
i сн, Н HO бн, 
2-Methylpropanal 3 Hydrony-22.4 2.2,4-Trimethyl-1,3-pentanediol 
trimethylpentana 


The starting aldehyde is prepared by oxidation of 2-methyl-1-propanol. 


О 
(CH,),CHCH,OH = cHy,cHen 
3 2С, 3 
2-Methyl-1-propanol 2-Methylpropanal 


(b)  Retrosynthetic analysis of the desired product shows that the carbon skeleton can be con- 
structed by a mixed aldol condensation between benzaldehyde and propanal. 


| | | 
сн;сн=ссн,он [> с,н;сн=ссн > C.H,CH + CH,CH,CH 
CH, CH, 
The reaction scheme therefore becomes 
|| || üd- 
C,H;CH + CH,CH,CH И Ар 
CH, 
Benzaldehyde Propanal 2-Methyl-3-phenyl-2- 
propenal 


Reduction of the aldehyde to the corresponding primary alcohol gives the desired compound. 


О 
| LiAIH,, then H,O 
ие ЕЕ 
C,H,CH eH GL CON oH (808 
CH, CH, 
2-Methyl-3-phenyl-2- 2-Methyl-3-phenyl-2- 


propenal propen-1-ol 
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The starting materials for the mixed aldol condensation—benzaldehyde and propanal—are 
prepared by oxidation of benzyl alcohol and 1-propanol, respectively. 


pec | 


COHLCHLOH.-. ес C,H,CH 
Benzyl alcohol Benzaldehyde 
сс | 
CH;CH,CH,OH ейт + СН.СН.СН 
1-Propanol Propanal 


(c) Тһе cyclohexene ring in this case can be assembled by a Diels—Alder reaction. 


H,C 
2 
"s H 
Ps | 
QC. 
Ó 


1,3-Butadiene is one of the given starting materials; the a,G-unsaturated ketone is the mixed 
aldol condensation product of 4-methylbenzaldehyde and acetophenone. 


О О О 
ÁN [ || || 
H,C CH=CHCC,H, H,C CH + СНС 


The complete synthetic sequence is 


| 
нс—{_}ў—снон po P CH 


4-Methylbenzyl alcohol 4-Methylbenzaldehyde 

О O O 
nc У + cnc У NOH pec у сн—сне А X 
4-Methylbenzaldehyde Acetophenone 


H,C=CHCH=CH, 


trans-4-Benzoyl-5- 
(4-methylphenyl)cyclohexene 


a., B-Unsaturated ketones are good dienophiles in Diels-Alder reactions. 
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18.32 It is the carbon atom flanked by two carbonyl groups that is involved in the enolization of terreic 


acid. 
O O O 
O OH O 
O CH, O and О 
y CH, CH, 
O O OH 
Terreic acid Enol A Enol B 


Of these two structures, enol A, with its double bond conjugated to two carbonyl groups, is more sta- 
ble than enol B, in which the double bond is conjugated to only one carbonyl. 


18.33 (а) Recall that aldehydes and ketones are in equilibrium with their hydrates in aqueous solution 
(Section 17.6). Thus, the principal substance present when (C,H;),CHCH—O is dissolved in 
aqueous acid is (C,H;),CHCH(OH), (81%). 
(b) Тһе problem states that the major species present in aqueous base is not (C;HS),CHCH —O, 
its enol, or its hydrate. The most reasonable species is the enolate ion: 


(CHj,CHCH—O0 —É— (cn C2- cgi: 


(C,Hj,C—CH— 0: 


18.34 (а) At first glance this transformation seems to be an internal oxidation-reduction reaction. An 
aldehyde function is reduced to a primary alcohol, and a secondary alcohol is oxidized to a 


ketone. 
О 
|| ТРЕ | 
сен;снен o CH,CCH,OH 
OH 
Compound A Compound B 


Once one realizes that enolization can occur, however, a simpler explanation, involving only 
proton-transfer reactions, emerges. 


О 
| но“, H,O 
нен —— C H.C—-CHOH 
OH OH 
Compound A Enol form of compound A 


The enol form of compound A is an enediol; itis at the same time the enol form of compound B. 
The enediol can revert to compound A or to compound B. 


| 

—> C,H,CCH,OH 

(Compound B) 
но“, H,O 
Lr m —— 
OH | 

2 ‚ннен 

OH 


(Compound A) 
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At equilibrium, compound B predominates because it is more stable than A. A ketone 
carbonyl is more stabilized than an aldehyde, and the carbonyl in B is conjugated with the 
benzene ring. 

(b) The isolated product is the double hemiacetal formed between two molecules of compound A. 


| 
CH; О. Co CH; OH 
: Y ~ О 
ұн MOX ne^ v CH, О. OH 
С СН С CH—C,H ne I 
ZN y CIN idi: но“ 707 “С.Н 
of ^g О “сн. o^ phe. E 
| [ Compound C 
H H 


18.35 (a) The only stereogenic center in piperitone is adjacent to a carbonyl group. Base-catalyzed enol- 
ization causes this carbon to lose its stereochemical integrity. 


CH, CH, CH, 
CH,CHO- CH,CH,OH 
X SO о" OH 
н CH(CHj, CH(CH;), CH(CH;), 
(—)-Piperitone Enolate of Enol of piperitone 
piperitone 


Both the enolate and enol of piperitone are achiral and can revert only to a racemic mixture of 
piperitones. 
(b) The enol formed from menthone can revert to either menthone or isomenthone. 


CH, CH, 
н“ нї 
S OH 3 
Н CH(CHj, CH(CH,), Н CH(CHj, 
Menthone Enol form Isomenthone 


Only the stereochemistry at the a-carbon atom is affected by enolization. The other stereogenic 
center in menthone (the one bearing the methyl group) is not affected. 


18.36 In all parts of this problem the bonding change that takes place is described by the general equation 


HX—N-—Z X—N—ZH 


(a) The compound given is nitrosoethane. Nitrosoalkanes are less stable than their oxime isomers 
formed by proton transfer. 


e mE СН.СН=М— ОН 
Н 
Nitrosoethane Acetaldehyde oxime 


(less stable) (more stable) 
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(b) 


(c) 


(d) 


18.37 (a) 
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You may recognize this compound as an enamine. It is slightly different, however, from the 
enamines we discussed earlier (Section 17.11) in that nitrogen bears a hydrogen substituent. 
Stable enamines are compounds of the type 


where neither R group is hydrogen; both R's must be alkyl or aryl. Enamines that bear a hy- 
drogen substituent are converted to imines in a proton-transfer equilibrium. 


cQ ae (CH43,CH—CH-—NCH, 


H 


Enamine (less stable) Imine (more stable) 


The compound given is known as a nitronic acid; its more stable tautomeric form is a 
nitroalkane. 


CH E CH,CH i 
3 = зе 
NS 
“он No 
Nitronic acid Nitroalkane 


The six-membered ring is aromatic in the tautomeric form derived from the compound given. 


NH NH, 
| NH ( SN 
хе хе 


This compound is called isourea. Urea has а carbon—oxygen double bond and is more stable. 


OH O 
HN—C/ H к—сё 
N 2 X 
NH, NH, 
Isourea (less stable) Urea (more stable) 


This reaction is an intramolecular alkylation of a ketone. Although alkylation of a ketone with 
a separate alkyl halide molecule is usually difficult, intramolecular alkylation reactions can 
be carried out effectively. The enolate formed by proton abstraction from the a-carbon atom 
carries out a nucleophilic attack on the carbon that bears the leaving group. 


О О 
CH,CHjCH;CHjBr усн) CH,CH,CH,CH,Br 
3/3 
05 О 
єн,—СН, 
CH, 
cH, 
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(b) The starting material, known as citral, is converted to the two products by a reversal of an 
aldol condensation. The first step is conjugate addition of hydroxide. 


CH, 9, CH, о" 
(CH,),C—=CHCH,CH,C—=CH—CH > (CH,),C—=CHCH,CH,C—CH=CH 
| ) | 
Он ОН 
H,O 


[| 
аон 
OH 


The product of this conjugate addition is a B-hydroxy ketone. It undergoes base-catalyzed 
cleavage to the observed products. 


m Lm 
но“ 
(CH3),C—=CHCH,CH,C—CH,CH ==  (СНу„Сее СНОСЊСЊС—СНЊ—СН 
О Oo 
cun Pa Ta + ева 


(с) The product is formed by an intramolecular aldol condensation. 


О 
|| 


СН 
| | | : 
HCCH,CH,CHCCH, + HO HCCH,CHCHCCH, + HO — à 

H H || 
СН, CH; CÓ 


(d) In this problem stereochemical isomerization involving a proton attached to the a-carbon 
atom of a ketone takes place. Enolization of the ketone yields an intermediate in which the 
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stereochemical integrity of the o carbon is lost. Reversion to ketone eventually leads to the 
formation of the more stable stereoisomer at equilibrium. 


H CH, Н CH, H CH, 


CH, cH, == CH, 
H H 
О НО О 
Less stable ketone; Enol More stable ketone; 
starting material preferred at equilibrium 


The rate of enolization is increased by heating or by base catalysis. The cis ring fusion in the 
product is more stable than the trans because there are not enough atoms in the six-membered 
ring to span trans-1,2 positions in the four-membered ring without excessive strain. 

(e) Working backward from the product, we can see that the transformation involves two aldol 
condensations: one intermolecular and the other intramolecular. 


O 
O 
PENS m | 
CH; CH; У Сн CHC,H, ED C,H;CHCCH;C4H; 
СНС CHLOCCH, 
OO 


The first reaction is a mixed aldol condensation between the enolate of dibenzyl ketone and 
one of the carbonyl groups of the dione. 


| Tl | 
C.H,CCCH,C.H, 


C,H;CH,CCH,C,H; + C,H;CCC,H; 
Dibenzyl ketone Benzil С Н „ССС 6H 5 
| 
This is followed by an intramolecular aldol condensation. 
|| О О 
NT 
cest CHC,H, C,H; СН; -H,O C,H, C,H; 
СНС CH; 
ССН 
Me СН; OH C.H; C.H; 


lb 
2,3,4,5- Tetraphenyl- 
cyclopentadienone 


(f) This is a fairly difficult problem because it is not obvious at the outset which of the two 
possible enolates of benzyl ethyl ketone undergoes conjugate addition to the a,B-unsaturated 
ketone. A good idea here is to work backward from the final product—in effect, do a ret- 
rosynthetic analysis. The first step is to recognize that the enone arises by dehydration of a 
B-hydroxy ketone. 


5 
C,H, СеН; 
у: OH 
C,H; CH, CH; CH, 
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Now, mentally disconnect the bond between the a-carbon atom and the carbon that bears the 
hydroxyl group to reveal the intermediate that undergoes intramolecular aldol condensation. 


H.C, CH; 
C,H; CH, 
OH 
С О 
CH, Disconnect СН; CH; 
O this bond. O 


The 8-hydroxy ketone is the intermediate formed in the intramolecular aldol addition step, 
and the diketone that leads to it is the intermediate that is formed in the conjugate addition 
step. The relationship of the starting materials to the intermediates and product is now more 


evident. 
Geils y: CH; CH; 
CH;O 
nog © — Keon om, Ren 
| Сен; 4 Q 
^н. CH; CH, C,H; CH, 
C.H; CCH,CH, О О 
" Intermediate formed in 


conjugate addition step 


18.38 (a) The reduced C—O stretching frequency of o.,B-unsaturated ketones is consistent with an en- 
hanced degree of single bond character as compared with simple dialkyl ketones. 


| 
ЕСЕ' 


| 
RCR’ 
Y 


| | it 
R,C=CH—CR’ ——— R,C=CH—CR’ —— R,C—CH—CR' 


Resonance is more important in а, -unsaturated ketones. Conjugation of the carbonyl group 
with the carbon-carbon double bond increases opportunities for electron delocalization. 

(b) Even more single-bond character is indicated in the carbonyl group of cyclopropenone than in 
that of typical с, 8-unsaturated ketones. The dipolar resonance form contributes substantially 
to the electron distribution because of the aromatic character of the three-membered ring. 
Recall that cyclopropenyl cation satisfies the 4n + 2 rule for aromaticity (text Section 11.20). 


D=o = [о = о 


Equivalent to an oxyanion-substituted 
cyclopropenyl cation 


(c) The dipolar resonance form is a more important contributor to the electron distribution in 
diphenylcyclopropenone than in benzophenone. 
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is more pronounced than 


CH; CH; 
C—O esp 
Z 
СН; CH; 


The dipolar resonance form of diphenylcyclopropenone has aromatic character. Its stability 
leads to increased charge separation and a larger dipole moment. 

(d) Decreased electron density at the B carbon atom of an о, B-unsaturated ketone is responsible 
for its decreased shielding. The decreased electron density arises from the polarization of its 
т electrons as represented by a significant contribution of the dipolar resonance form. 


| ji 
H,C—CH—CR ——— H,C—CH=CR 


18.39  Bromination can occur at either of the two a-carbon atoms. 


|| Br | 
CH,CCH(CH,), 2 BrCH,CCH(CH,), + CHCC(CH)) 
Br 
3-Methyl-2-butanone 1-Bromo-3-methyl- 3-Bromo-3-methyl- 
2-butanone 2-butanone 


The 'H NMR spectrum of the major product, compound A, is consistent with the structure of 1-bromo- 
3-methyl-2-butanone. The minor product B is identified as 3-bromo-3-methyl-2-butanone on the 
basis of its NMR spectrum. 


O CH, O CH, 
ioe Ж Bb Ко. 
BrCH,C—C—CH, 8127 H C—C—C—CH} 919ppm 


| 3 (doublet) | 3 (singlet) 
] H " Br 
ô 4.1 ppm 8 2.5 pom 
. ô 3.0 >. рр 
(singlet) (еру (singlet) 
Compound A Compound B 


18.40 Three dibromination products are possible from o halogenation of 2-butanone. 


| | it ak 
Br,CHCCH,CH, н не ту 
Вг Вг 
1,1-Dibromo-2-butanone 1,3-Dibromo-2-butanone 3,3-Dibromo-2-butanone 


The product is 1,3-dibromo-2-butanone, on the basis of its observed 'H NMR spectrum, which 
showed two signals at low field. One is a two-proton singlet at д 4.6 ppm assignable to CH,Br and 
the other a one-proton quartet at 6 5.2 ppm assignable to CHBr. 


18.41 Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man- 
ual. You should use Learning By Modeling for this exercise. 
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PART A 


А-1. 


А-2. 


А-3. 


А-4. 


А-5. 


А-6. 


Write the correct structure(s) for each of the following: 

(a) Тһе two enol forms of 2-butanone 

(b) The enolate ion derived from reaction of 1,3-cyclohexanedione with sodium 
methoxide 

(c) The carbonyl form of the following enol 


Give the correct structures for compounds A and B in the following reaction schemes: 


| ано 
(а) 2C,H,CHCH то” А 


1. ether 


| 
(b CH,CH,;CH=CHCCH,CH, + LiCu(CH,CH:); по 


B 


Write the structures of all the possible aldol addition products that may be obtained by reac- 
tion of a mixture of propanal and 2-methylpropanal with base. 


CH, 


| | 
CH,CH,CH СН 


Propanal 2-Methylpropanal 


Using any necessary organic or inorganic reagents, outline a synthesis of 1,3-butanediol 
from ethanol as the only source of carbons. 


Outline a series of reaction steps that will allow the preparation of compound B from 1,3- 
cyclopentanedione, compound A. 


CH,CH, 
CHERA G: 
B 


Give the structure of the product formed in each of the following reactions: 


| Br, 


(a) CH,CH,CH,CH,CH acetic acid 
|| | 
(b 2CH,CH,CH,CH,CH 09» 


Hs / \ | NaOH, heat 
(c) CH, + < CH CHO ^ 
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ен. 
CH= HO 
ethanol 
A-7. Write out the mechanism, using curved arrows to show electron movement, of the following 
aldol addition reaction. 


| | монно 
HCH + CH,CH,CH 6 


A-8. Identify the two starting materials needed to make the following compound by a mixed aldol 


condensation. 
O 
NaOH, H,O | 
— ^ HO + Ne QUELS d 
CH, 
PART B 
B-1. When enolate A is compared with enolate B 
О 
А B 
which of the following statements is true? 
(a) Ais more stable than B. 
(b) Bis more stable than A. 
(c) Aand B have the same stability. 
(d) No comparison of stability can be made. 
B-2. Which structure is the most stable? 
OH O OH OH OH OH 
(a) (b) (c) (d) (e) 
B-3. Which one of the following molecules contains deuterium QH - D) after reaction with 
NaOD in DO? 
| | 
(a) C,H;CH (c) СН;СС(СН,), 


| 
(b C,H,CH,CH (d) (CHj,CCC(CH,), 
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B-4. Which of the following RX compounds is (are) the best alkylating agent(s) in the reaction 
shown? 


NaOCH,CH, 
+ RX == 


О О 


(CH,),CBr (CH,),CHCH,OH СЬН.Вг (CH,),CHCH,Br 


1 2 3 4 
(a) land4 (c) 2and4 
(b) 4only (d) 1,3,and4 
B-5. Which of the following pairs of aldehydes gives a single product in a mixed aldol 
condensation? 
О О 
(a) CjqH4CH,CH + Е (с) ER + H,C=O 
О О О 
(b) лү + «үн (d) SH + (OBS EDGE 


B-6. What is the principal product of the following reaction? 


CH,CH—O 
NaOH 
CY ethanol, water, heat H,O +? 
CH,CH=O 


OH О 
o o CX T 
OH O 


B-7. Which of the following forms an enol to the greatest extent? 


| Lal 
(a) CH,;CH,CH (c) CH,CCH,CH 


Po i || 
(b CH,CCH,CH,CCH, (d) CH,CCCH,CH, 
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B-8. Which of the following species is (are) not intermediates in the aldol condensation of ac- 
etaldehyde (ethanal) in aqueous base? 


Lt. PB x 
| | 
H,C=CH CH,CHCH,CH Geen CH,CHCH—CH 


1 2 3 4 
(a) land2 (c) 4only (e) 3and4 
(b 3 only (d) 2and3 


B-9. The compound shown in the box undergoes racemization on reaction with aqueous acid. 
Which of the following structures best represents the intermediate responsible for this 
process? 


(a) (c) ies ) (e) 


B-10. Which one of the following compounds is the best candidate for being prepared by an effi- 
cient mixed aldol addition reaction? 


| 
OH q | C 2-eneeuen 
Cnc Cn иреген, 


Сн, CH,OH CH, 
(а) (b) (c) 
JL. cei 1T 
Ç )-CcHLCH.CH { у—«снссн, 
(d) (e) 


B-11. Which one of the following undergoes 1,4-addition with CH,SK (in ethanol)? 


О 
О 
О о | 
сн, CH 
| | ( f 
Ó 
(b) (c) (d) 
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B-12. Benzalacetone is the mixed aldol condensation product formed between benzaldehyde 
(Сен СН==0) and acetone [(CH;),C—=O]. What is its structure? 


[ 
(a) C4H,CH—CHCCH, (c) C4H,CH—C(CH,), 
| 1 
(b C H,CCH—CHCH, (d) C,H,CH,CCH—CH, 


CHAPTER 19 
CARBOXYLIC ACIDS 


SOLUTIONS TO TEXT PROBLEMS 


191 (5) 


(d) 
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The four carbon atoms of crotonic acid form a continuous chain. Because there is a double 
bond between C-2 and C-3, crotonic acid is one of the stereoisomers of 2-butenoic acid. The 
stereochemistry of the double bond is E. 


H 
E + 
Жы 
H CO,H 


(E)-2-Butenoic acid 
(crotonic acid) 


Oxalic acid is a dicarboxylic acid that contains two carbons. It is ethanedioic acid. 


HO,CCO,H 


Ethanedioic acid 
(oxalic acid) 


The name given to C;H5CO,H is benzoic acid. Because it has a methyl group at the para 
position, the compound shown is p-methylbenzoic acid, or 4-methylbenzoic acid. 


uc сон 


p-Methylbenzoic acid or 
4-methylbenzoic acid 
(p-toluic acid) 
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19.2 Ionization of peroxy acids such as peroxyacetic acid yields an anion that cannot be stabilized by res- 
onance in the same way that acetate can. 


T 
CH,CO—O= 


Delocalization of negative 


charge into carbonyl group is 
not possible in peroxyacetate ion. 


19.3 Recall from Chapter 4 (text Section 4.6) that an acid—base equilibrium favors formation of the 
weaker acid and base. Also remember that the weaker acid forms the stronger conjugate base, and 
vice versa. 


(b) The acid-base reaction between acetic acid and tert-butoxide ion is represented by the equation 


CH,CO,H + (CHj,CO. == CH,CO, + (CH,),COH 


Acetic acid tert-Butoxide Acetate ion tert-Butyl alcohol 
(stronger acid) (stronger base) (weaker base) (weaker acid) 


Alcohols are weaker acids than carboxylic acids; the equilibrium lies to the right. 
(c) Bromide ion is the conjugate base of hydrogen bromide, a strong acid. 


CH,COH + Br === CHCO + HBr 
Acetic acid Bromide ion Acetate ion Hydrogen 
(weaker acid) (weaker base) (stronger base) bromide 


(stronger acid) 


In this case, the position of equilibrium favors the starting materials, because acetic acid is a 
weaker acid than hydrogen bromide. 

(d) Acetylide ion is a rather strong base, and acetylene, with a K, of 10 75, is a much weaker acid 
than acetic acid. The position of equilibrium favors the formation of products. 


CH,COH + НСЕСГ CH,CO, + HC=CH 


Acetic acid Acetylide ion Acetate ion Acetylene 
(stronger acid) (stronger base) (weaker base) (weaker acid) 


(e) Nitrate ion is a very weak base; it is the conjugate base of the strong acid nitric acid. The 
position of equilibrium lies to the left. 
СН.СОН + NO, === CH,CO, + HNO, 


Acetic acid Nitrate ion Acetate ion Nitric acid 
(weaker acid) (weaker base) (stronger base) (stronger acid) 


(f) Amide ion is a very strong base; it is the conjugate base of ammonia, pK, = 36. The position 
of equilibrium lies to the right. 


сњсон + HN === CHOCO, + NH, 


Acetic acid Amide ion Acetate ion Ammonia 
(stronger acid) (stronger base) (weaker base) (weaker acid) 
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19.4 


19.5 
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(b)  Propanoic acid is similar to acetic acid in its acidity. A hydroxyl group at C-2 is electron- 
withdrawing and stabilizes the carboxylate ion of lactic acid by a combination of inductive 


and field effects. 
p> 
CH,CH—C 
| N о 
Їон 


Hydroxyl group stabilizes 
negative charge by attracting electrons. 


Lactic acid is more acidic than propanoic acid. The measured ionization constants are 


ОВ CH,CH,CO,H 


OH 
Lactic acid Propanoic acid 
K,14x 104 К, 1.3 X 10° 
(pK, 3.8) (pK, 4.9) 


(c) A carbonyl group is more strongly electron-withdrawing than a carbon-carbon double bond. 
Pyruvic acid is a stronger acid than acrylic acid. 


| 
CH,CCOH H,C=CHCO,H 


Pyruvic acid Acrylic acid 
K,5.1 x 10 * K,5.5 X 10° 
(pK, 3.3) (pK, 4.3) 


(d) Viewing the two compounds as substituted derivatives of acetic acid, RCH,CO,H, we judge 
| 
CH,S to be strongly electron-withdrawing and acid-strengthening, whereas an ethyl group 


| 
Ó 


has only a small effect. 
| 
CHSCH,COH CH,CH,CH,CO,H 
О 
Methanesulfonylacetic acid Butanoic acid 
K,43 X 10? K, 1.5 x 10? 
(pK, 2.4) (pK, 4.7) 


The compound can only be a carboxylic acid; no other class containing only carbon, hydrogen, and 

oxygen is more acidic. A reasonable choice is HC==CCO,H; C-2 is sp-hybridized and therefore 

rather electron-withdrawing and acid-strengthening. This is borne out by its measured ionization 

constant K,, which is 1.4 X 10 ? (pK, 1.8). 

For carbonic acid, the “true K,” is given by 

H*][HCO,- 

True K, — шо | - 
[H5CO,] 


The "observed K” is given by the expression 


[H'][HCO, ] 


43 X 1077 = 
[СО] 
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which can be rearranged to 
[H*][HCO, ] = (4.3 х 10 5[CO,] 


and therefore 
(4.3 X 10 5[CO,] 


True K, — [H;CO.] 
2e M3 
_ (43 X 107')99.7) 
0.3 
=14x 10% 


Thus, when corrected for the small degree to which carbon dioxide is hydrated, it can be seen that 
carbonic acid is actually a stronger acid than acetic acid. Carboxylic acids dissolve in sodium bicar- 
bonate solution because the equilibrium that leads to carbon dioxide formation is favorable, not be- 
cause carboxylic acids are stronger acids than carbonic acid. 


(b) 2-Chloroethanol has been converted to 3-hydroxypropanoic acid by way of the corresponding 


nitrile. 
NaCN но“ 
HOCH,CH,CI — но HOCH,CH,CN — HOCH,CH,CO,H 
2-Chloroethanol 2-Cyanoethanol 3-Hydroxypropanoic 
acid 


The presence of the hydroxyl group in 2-chloroethanol precludes the preparation of a Grignard 
reagent from this material, and so any attempt at the preparation of 3-hydroxypropanoic acid 
via the Grignard reagent of 2-chloroethanol is certain to fail. 

(c) Grignard reagents can be prepared from tertiary halides and react in the expected manner with 
carbon dioxide. The procedure shown is entirely satisfactory. 


0, 


(CHj.CCl дала” (CHy);CMgCl =; (CH,),CCO,H 
tert-Butyl chloride tert-Butylmagnesium 2,2-Dimethylpropanoic 
chloride acid (61-70%) 


Preparation by way of the nitrile will not be feasible. Rather than react with sodium cyanide 
by substitution, tert-butyl chloride will undergo elimination exclusively. The 5,2 reaction 
with cyanide ion is limited to primary and secondary alkyl halides. 


Incorporation of !#О into benzoic acid proceeds by a mechanism analogous to that of esterification. 
The nucleophile that adds to the protonated form of benzoic acid is '*O-enriched water (the '*O atom 
is represented by the shaded letter @ in the following equations). 


о ‘OH он QE 
ЈЕ Е Hé: T T 
C,H,COH + H* C,H,CÓH ———— CH,CÖH coi On 
aN en 
Benzoic acid H H Tetrahedral 
intermediate 


The three hydroxyl groups of the tetrahedral intermediate are equivalent except that one of them is 
labeled with ^O. Any one of these three hydroxyl groups may be lost in the dehydration step; when 
the hydroxyl group that is lost is unlabeled, an '*O label is retained in the benzoic acid. 


| JH А Je OH 
—H 
C,H,COH + Н” === СНС + HO === СНС + СН.С 
М “өн “өн м 
Tetrahedral '8Q-enriched benzoic acid 


intermediate 
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19.9 (b) The 16-membered ring of 15-pentadecanolide is formed from 15-hydroxypentadecanoic 
acid. 


Йй, | 
bec Disconnect this bond. COH 
OH 
k NU 
15-Pentadecanolide 15-Hydroxypentadecanoic 
acid 


(c)  Vernolepin has two lactone rings, which can be related to two hydroxy acid combinations. 


Be sure to keep the relative stereochemistry unchanged. Remember, the carbon-oxygen 
bond of an alcohol remains intact when the alcohol reacts with a carboxylic acid to give an 
ester. 


19.10 Alkyl chlorides and bromides undergo nucleophilic substitution when treated with sodium iodide in 
acetone (Section 8.1). A reasonable approach is to brominate octadecanoic acid at its a-carbon atom, 
then replace the bromine substituent with iodine by nucleophilic substitution. 


Br,, PCl, al 
CH,(CH,),,CH,CO,H ———— SEC) УСО на CCD) CoH 
Br I 
Octadecanoic acid 2-Bromooctadecanoic acid 2-Iodooctadecanoic acid 


19.11 (5) The starting material is a derivative of malonic acid. It undergoes efficient thermal decar- 
boxylation in the manner shown. 


HO 
\ 
VA OS OH 
hea 
CH,(CH,),CH) су” —— CH(CH),CH—C; + CO, 
C—O OH 
2 Carbon 
О dioxide 
2-Heptylmalonic acid 
|| 
CH,(CH,),CH,COH 


Nonanoic acid 
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(c) 
19.12 (b) 
19.13 (a) 
(b) 
(c) 
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The phenyl and methyl substituents attached to C-2 of malonic acid play no role in the decar- 
boxylation process. 


О О 
2 2 
OH 
єз (0 / 
с —m—, c=C + со 
CH, | TE : 
ОН Н.С ОН Carbon 
dioxide 


2-Phenylpropanoic acid 


The thermal decarboxylation of B-keto acids resembles that of substituted malonic acids. The 
structure of 2,2-dimethylacetoacetic acid and the equation representing its decarboxylation 
were given in the text. The overall process involves the bonding changes shown. 


ee jn | 
О О -со 
|^ e | CH,C, CH, CH,CCH(CH,), 
СН,С к-С. С 
^L Cx | 
H, CH, CH, 


2,2-Dimethylacetoacetic Enol form of 3-methyl- 
acid 2-butanone 


3-Methyl-2-butanone 


Lactic acid (2-hydroxypropanoic acid) is a three-carbon carboxylic acid that bears a hydroxyl 
group at C-2. 
з 2 1 
ie 
OH 
2-Hydroxypropanoic acid 


The parent name ethanoic acid tells us that the chain that includes the carboxylic acid func- 
tion contains only two carbons. A hydroxyl group and a phenyl substituent are present at C-2. 


az 


OH 


2-Hydroxy-2-phenylethanoic acid 
(mandelic acid) 


The parent alkane is tetradecane, which has an unbranched chain of 14 carbons. The termi- 
nal methyl group is transformed to a carboxyl function in tetradecanoic acid. 


| 
CH,(CH,),,COH 


Tetradecanoic acid 
(myristic acid) 
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(е) 


Cf) 


(g) 


(h) 
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Undecane is the unbranched alkane with 11 carbon atoms, undecanoic acid is the correspond- 
ing carboxylic acid, and undecenoic acid is an 11-carbon carboxylic acid that contains a 
double bond. Because the carbon chain is numbered beginning with the carboxyl group, 
10-undecenoic acid has its double bond at the opposite end of the chain from the carboxy] group. 


H,C=CH(CH,),CO,H 


10-Undecenoic acid 
(undecylenic acid) 


Mevalonic acid has a five-carbon chain with hydroxyl groups at C-3 and C-5, along with a 
methyl group at C-3. 


ноен CRON 
OH 


3,5-Dihydroxy-3-methylpentanoic acid 


(mevalonic acid) 


The constitution represented by the systematic name 2-methyl-2-butenoic acid gives rise to 
two stereoisomers. 


CHC сон 
CH, 


2-Methyl-2-butenoic acid 
Tiglic acid is the E isomer, and the Z isomer is known as angelic acid. The higher ranked sub- 


stituents, methyl and carboxyl, are placed on opposite sides of the double bond in tiglic acid 
and on the same side in angelic acid. 


CH, HC CO,H 


# 
№ N 
H CO,H H CH, 


(E)-2-Methyl-2-butenoic (Z)-2-Methyl-2-butenoic acid 
acid (tiglic acid) (angelic acid) 


Butanedioic acid is a four-carbon chain in which both terminal carbons are carboxylic acid 
groups. Malic acid has a hydroxyl group at C-2. 


НО НО 
OH 


2-Hydroxybutanedioic acid 
(malic acid) 


Each of the carbon atoms of propane bears a carboxy] group as a substituent in 1,2,3-propane- 
tricarboxylic acid. In citric acid C-2 also bears a hydroxyl group. 


COH 
Hee ОН 


OH 


2-Hydroxy-1,2,3-propanetricarboxylic acid 
(citric acid) 
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© 


(7) 


(а) 


(b) 
(c) 


(d) 


(e) 


(f) 


There is an aryl substituent at C-2 of propanoic acid in ibuprofen. This aryl substituent is a 
benzene ring bearing an isobutyl group at the para position. 


CH,CHCO,H 


CH,CH(CH,), 


2-( p-Isobutylphenyl)- 
propanoic acid 


Benzenecarboxylic acid is the systematic name for benzoic acid. Salicylic acid is a derivative 
of benzoic acid bearing a hydroxyl group at the position ortho to the carboxyl. 


OH 
$ И 
o-Hydroxybenzenecarboxylic acid 
(salicylic acid) 


The carboxylic acid contains a linear chain of eight carbon atoms. The parent alkane is octane, 
and so the systematic name of CH,(CH,),CO,H is octanoic acid. 

The compound shown is the potassium salt of octanoic acid. It is potassium octanoate. 

The presence of a double bond in СН,==СН(СН,);СО,Н is indicated by the ending -enoic 
acid. Numbering of the chain begins with the carboxylic acid, and so the double bond is be- 
tween C-7 and C-8. The compound is 7-octenoic acid. 

Stereochemistry is systematically described by the E-Z notation. Here, the double bond be- 
tween C-6 and C-7 in octenoic acid has the Z configuration; the higher ranked substituents are 
on the same side. 


M | CH),CO,H 
У amt 
H H 


(Z)-6-Octenoic acid 


A dicarboxylic acid is named as a dioic acid. The carboxyl functions are the terminal carbons 
of an eight-carbon chain; НО,С(СН,),СО,Н is octanedioic acid. It is not necessary to iden- 
tify the carboxylic acid locations by number because they can only be at the ends of the chain 
when the -dioic acid name is used. 

Pick the longest continuous chain that includes both carboxyl groups and name the compound 
as a -dioic acid. This chain contains only three carbons and bears a pentyl group as a sub- 
stituent at C-2. It is not necessary to specify the position of the pentyl group, because it can 
only be attached to C-2. 


2.9.1 
CH,(CH,),CHCO,H 
3 
COH 
Pentylpropanedioic acid 


Malonic acid is an acceptable synonym for propanedioic acid; this compound may also be 
named pentylmalonic acid. 
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(e) А carboxylic acid function is attached as a substituent оп a seven-membered ring. The com- 
pound is cycloheptanecarboxylic acid. 


СОН 


* 


(h) The aromatic ring is named as a substituent attached to the eight-carbon carboxylic acid. 
Numbering of the chain begins with the carboxyl group. 


CH,CH, 
CH(CH,),CO,H 
6-Phenyloctanoic acid 


19.15 (a) Carboxylic acids are the most acidic class of organic compounds containing only the elements 
C, H, and O. The order of decreasing acidity is 


K, pK, 
Acetic acid CH,CO,H 1.8 х 107 47 
Ethanol CH,CH,OH 10719 16 


Ethane CH4CH, ~10 ^6 746 


(b) Here again, the carboxylic acid is the strongest acid and the hydrocarbon the weakest: 


К, pK, 
Benzoic acid C,H,CO;H 6.7 X 10°? 4.2 
Benzyl alcohol C,H;CH,OH 10° 16-10 88 16-18 
Benzene C,H, 2107 =43 


(c)  Propanedioic acid 15 a stronger acid than propanoic acid because the electron-withdrawing 
effect of one carboxyl group enhances the ionization of the other. Propanedial is a 1,3-dicar- 
bonyl compound that yields a stabilized enolate; it is more acidic than 1,3-propanediol. 


K, pK, 
Propanedioic acid HO,CCH,CO;H 1.4 X 10? 2.9 
Propanoic acid CH,CH,CO,H 1.3 X 10° 4.9 
Propanedial O—CHCH,CH—O 210? =9 
1,3-Propanediol HOCH,CH,CH,OH 210 15 7:16 


(d)  Trifluoromethanesulfonic acid is by far the strongest acid in the group. It is structurally related 
to sulfuric acid, but its three fluorine substituents make it much stronger. Fluorine substituents 
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(e) 


19.16 (а) 


(b) 


(c) 
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increase the acidity of carboxylic acids and alcohols relative to their nonfluorinated analogs, 
but not enough to make fluorinated alcohols as acidic as carboxylic acids. 


K, pK, 
Trifluoromethanesulfonic acid CF,SO,0H 10° —6 
Trifluoroacetic acid CF;CO,H 5.9 x 107! 0.2 
Acetic acid CH,CO,H 1.8 X 10? 4.7 
2,2,2-Trifluoroethanol CF;CH,OH 4.2 X 10°? 12.4 
Ethanol CH,CH,OH 10—16 = 16 


The order of decreasing acidity is carboxylic acid > B-diketone > ketone > hydrocarbon. 


K, pK, 
Cyclopentanecarboxylic acid a сон 1х 10 ° 5.0 
(Ж 
2,4-Pentanedione CH,CCH,CCH, 10° 9 
О —20 
Сус1орепїапопе а 10 20 
Cyclopentene Q 1075 45 


A trifluoromethyl group is strongly electron-withdrawing and acid-strengthening. Its ability to 
attract electrons from the carboxylate ion decreases as its distance down the chain increases. 
3,3,3-Trifluoropropanoic acid is a stronger acid than 4,4,4-trifluorobutanoic acid. 


CF,CH,CO,H CF,CH,CH,CO,H 
3,3,3-Trifluoropropanoic acid 4,4,4-Trifluorobutanoic acid 
K,9.6 x 10 4 K,69 x 10? 

(pK, 3.0) (pK, 4.2) 


The carbon that bears the carboxyl group in 2-butynoic acid is sp-hybridized and is, therefore, 
more electron-withdrawing than the sp*-hybridized а carbon of butanoic acid. The anion of 2- 
butynoic acid is therefore stabilized better than the anion of butanoic acid, and 2-butynoic acid 
is a stronger acid. 


CH,C=CCO,H . CH,CH,CH,CO)H 
2-Butynoic acid Butanoic acid 
K,2.5 X 1073 К, 1.5 X 107 
(pK, 2.6) (pK, 4.8) 


Cyclohexanecarboxylic acid is a typical aliphatic carboxylic acid and is expected to be sim- 
ilar to acetic acid in acidity. The greater electronegativity of the sp^-hybridized carbon 
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(d) 


(е) 


Cf) 


(g) 


CARBOXYLIC ACIDS 


attached to the carboxyl group in benzoic acid stabilizes benzoate anion better than the cor- 
responding sp^-hybridized carbon stabilizes cyclohexanecarboxylate. Benzoic acid is a 


stronger acid. 
e cr 


Benzoic acid Cyclohexanecarboxylic acid 
K,6.7 X 1075 K,12 X 102 
(pK, 4.2) (pK, 4.9) 


Its five fluorine substituents make the pentafluorophenyl group more electron-withdrawing 
than an unsubstituted phenyl group. Thus, pentafluorobenzoic acid is a stronger acid than 
benzoic acid. 


F 
F CO,H cr 
F F 
F 
Pentafluorobenzoic acid Benzoic acid 
K,4.1 X 107* K,6.7 X 105 
(pK, 3.4) (pK, 4.2) 


The pentafluorophenyl substituent is electron-withdrawing and increases the acidity of a car- 
boxyl group to which it is attached. Its electron-withdrawing effect decreases with distance. 
Pentafluorobenzoic acid is a stronger acid than p-(pentafluorophenyl)benzoic acid. 


Е Е Е Е 
кад“ сы 
Е Е Е Е 


Pentafluorobenzoic acid p-(Pentafluorophenyl)benzoic acid 
K,4.1 x 10-4 (K, not measured in water; comparable 
(pK, 3.4) with benzoic acid in acidity) 


The oxygen of the ring exercises an acidifying effect on the carboxyl group. This effect is 
largest when the oxygen is attached directly to the carbon that bears the carboxyl group. 
Furan-2-carboxylic acid is thus a stronger acid than furan-3-carboxylic acid. 


CO,H 
(sco Р 
Furan-2-carboxylic acid Furan-3-carboxylic acid 
K,69 х 107 K, 1.1 X 107* 
(pK, 3.2) (pK, 3.9) 


Furan-2-carboxylic acid has an oxygen attached to the carbon that bears the carboxyl 
group, whereas pyrrole-2-carboxylic acid has a nitrogen in that position. Oxygen is more 
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electronegative than nitrogen and so stabilizes the carboxylate anion better. Furan-2- 
carboxylic acid is a stronger acid than pyrrole-2-carboxylic acid. 


aa dc 


О 
н 
Furan-2-carboxylic acid Pyrrole-3-carboxylic acid 
K,6.9 X 10-4 K,3.5 X 105 
(pK, 3.2) (pK, 4.4) 


19.17 (а) The conversion of 1-butanol to butanoic acid is simply the oxidation of a primary alcohol to a 
carboxylic acid. Chromic acid is a suitable oxidizing agent. 


H5CrO, 
CH,CH,CH,CH,OH ———-— CH,CH,CH,CO,H 


1-Butanol Butanoic acid 


(b) Aldehydes may be oxidized to carboxylic acids by any of the oxidizing agents that convert 
primary alcohols to carboxylic acids. 


O 
| | K,Cr,0, | | 
CH,CH,CH,CH qso no” CH,CH,CH,COH 
Butanal Butanoic acid 


(c) The starting material has the same number of carbon atoms as does butanoic acid, and so all 
that is required is a series of functional group transformations. Carboxylic acids may be ob- 
tained by oxidation of the corresponding primary alcohol. The alcohol is available from the 
designated starting material, 1-butene. 


CH,CH,CH,CO,H > CH,CH,CH,CH,OH > CH,CH,CH=CH, 


Hydroboration-oxidation of 1-butene yields 1-butanol, which can then be oxidized to butanoic 
acid as in part (a). 


1. ВН, H,CrO, 


CH,CH,;CH=CH, -no mo” CH,CH,CH,CH,OH — — — CH,CH,CH,CO,H 


]-Butene 1-Butanol Butanoic acid 


(d) Converting 1-propanol to butanoic acid requires the carbon chain to be extended by one atom. 
Both methods for achieving this conversion, carboxylation of a Grignard reagent and forma- 
tion and hydrolysis of a nitrile, begin with alkyl halides. Alkyl halides in turn are prepared 
from alcohols. 


CH,CH,CH,CO,H > CH,CH,CH,MgBr or | CH,CH,CH,CN 


CH,CH,CH,OH < CH,CH,CH,Br 
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1. CO, 


CH,CH,CH,OH 


]-Propanol 


CH,CH,CH,OH 


]-Propanol 


(e) 


Cf) 


(g) 


19.18 (а) 


PBr, 
—==  CH,CH,CH,Br 


or HBr 


PBr, KCN H,O, HCl 
or HBr 


CH,CH,CH,MgBr CH,CH,CH,CO,H 


Mg 
————— 
diethyl ether 2. H,0* 


1-Bromopropane Butanoic acid 


CH,CH,CH,Br CH,CH,CH,CN CH,CH,CH,CO,H 


DMSO heat 


1-Bromopropane Butanenitrile Butanoic acid 


Dehydration of 2-propanol to propene followed by free-radical addition of hydrogen bromide 
affords 1-bromopropane. 


H,SO, HBr 
——————- 


CERDOS — CH,CH—CH, CH,CH,CH,Br 


OH 


2-Propanol Propene 1-Bromopropane 


peroxides 


Once 1-bromopropane has been prepared it is converted to butanoic acid as in part (d). 
The carbon skeleton of butanoic acid may be assembled by an aldol condensation of 
acetaldehyde. 


ES | | 
CH,CH,CH,CO,H CH,CH4G-CHCH > 2CH,CH 


| | 
KOH, ethanol CH,CH=CHCH 


heat 


| 
2CH,CH 


Acetaldehyde 2-Butenal 
Oxidation of the aldehyde followed by hydrogenation of the double bond yields butanoic acid. 


O 
| | H,CrO, H, 
CH,CH=CHCH ———-—. CH,CH—CHCO,H CH,CH,CH,CO,H 


Pt 


2-Butenal 2-Butenoic acid Butanoic acid 


Ethylmalonic acid belongs to the class of substituted malonic acids that undergo ready ther- 
mal decarboxylation. Decarboxylation yields butanoic acid. 


CH,CH,CHCO,H heat CH,CH,CH,CO,H + CO, 
CO,H 


Ethylmalonic acid Butanoic acid Carbon 
dioxide 


The Friedel-Crafts alkylation of benzene by methyl chloride can be used to prepare "C-labeled 


toluene (C* = С). Once prepared, toluene could be oxidized to benzoic acid. 
* AICI, * K,Cr,0,, Њ80, х 
—— > 
СЕБЕ === СН, Н.О, heat СОН 
Benzene Methyl Toluene Benzoic acid 


chloride 


CARBOXYLIC ACIDS 515 


(b) Formaldehyde can serve as a one-carbon source if it is attacked by the Grignard reagent de- 
rived from bromobenzene. 


| 
Вг, Mg 1. HCH E 
је. Ee ES ux 
{У FeBr, {Ув diethyl ether ( ма 2. H,O" CH,OH 


Benzene Bromobenzene Phenylmagnesium Benzyl alcohol 
bromide 


This sequence yields ‘C-labeled benzyl alcohol, which can be oxidized to ‘C-labeled 


benzoic acid. 
* K,Cr,0,, H,SO * 


Benzyl alcohol Benzoic acid 


(c) А direct route to "C-labeled benzoic acid utilizes a Grignard synthesis employing "C-labeled 
carbon dioxide. 


Br, A N Mg ЈЕ Со, * 
(> FeBr, «i Br diethyl ether = ( уме 2. H,0* ( У-ёон 


Benzene Bromobenzene Phenylmagnesium Benzoic acid 
bromide 


19.19 (a) An acid-base reaction takes place when pentanoic acid is combined with sodium hydroxide. 


CH,CH,CH,CH,CO,H + NaOH CH,CH,CH,CH,CO,Na + H,O 


Pentanoic acid Sodium Sodium pentanoate Water 
hydroxide 


(b) Carboxylic acids react with sodium bicarbonate to give carbonic acid, which dissociates to 
carbon dioxide and water, so that the actual reaction that takes place is 


CH,CH,CH,CH,CO,H + NaHCO, CH,CH,CH,CH,CO,Na + CO, + H,O 


Pentanoic acid Sodium Sodium pentanoate Carbon Water 
bicarbonate dioxide 


(c)  Thionyl chloride is a reagent that converts carboxylic acids to the corresponding acyl 
chlorides. 


O 


CH,CH,CH,CH,CO,H + SOCI, CH,CH,CH,CH,CCl] + SO, + на 


Pentanoic acid Thionyl Pentanoyl chloride Sulfur Hydrogen 
chloride dioxide chloride 


(d) Phosphorus tribromide is used to convert carboxylic acids to their acyl bromides. 


O 


| 
3CH,CH,CH,CH,CO,H + РВ, =  3CH,CH,CH,CH,CBr + H,PO, 


Pentanoic acid Phosphorus Pentanoyl bromide Phosphorus 
tribromide acid 
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(e) Carboxylic acids react with alcohols in the presence of acid catalysts to give esters. 


H,SO, 


|| 
CH,CH,CH,CH,CO,H + C,H;CH,OH = CH,CH,CH,CH,COCH,C,H, + H,O 
Pentanoic acid Benzyl alcohol Benzyl pentanoate Water 
(f) Chlorine is introduced at the a-carbon atom of a carboxylic acid. The reaction is catalyzed 


by a small amount of phosphorus or a phosphorus trihalide and is called the Hell—-Volhard— 
Zelinsky reaction. 


РВг 
CH,CH,CH,CH,CO,H_ + CL aap Свои + HCl 
Cl 
Pentanoic acid Chlorine 2-Chloropentanoic Hydrogen 
acid chloride 


The a-halo substituent is derived from the halogen used, not from the phosphorus trihalide. 
(g) Inthe case, bromine is introduced at the o carbon. 


PCI, 
CH,CH,CH,CH,CO,H + Bn еу» он + НВг 
Вг 
Pentanoic acid Bromine 2-Bromopentanoic acid Hydrogen 
bromide 


(h)  a-Halo carboxylic acids are reactive substrates in nucleophilic substitution. Iodide acts as a 
nucleophile to displace bromide from 2-bromopentanoic acid. 


COCHE HOM - Nal acetone CCH BCH + NaBr 
Br I 


2-Bromopentanoic acid Sodium 2-Iodopentanoic acid Sodium 
iodide bromide 


(i) | Aqueous ammonia converts a-halo acids to a-amino acids. 


сона oN + 2NH, CH,CH,CH,CHCO,H + NH,Br 


Br NH, 


2-Bromopentanoic acid Ammonia 2-Aminopentanoic acid Ammonium 
bromide 


(j) Lithium aluminum hydride is a powerful reducing agent and reduces carboxylic acids to pri- 
mary alcohols. 


1. LiAlH, 


CH;CH,CH,CH,CO,H 5 


CH,CH,CH,CH,CH,OH 


Pentanoic acid 1-Pentanol 


(k) Phenylmagnesium bromide acts as a base to abstract the carboxylic acid proton. 


CH,CH,CH,CH,CO,H + C,HMgBr 


CH,CH,CH,CH,CO,MgBr + C,H, 


Pentanoic acid Phenylmagnesium Bromomagnesium pentanoate Benzene 
bromide 


19.20 
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(a) 


(b) 


(c) 


(d) 


(e) 


Cf) 


Grignard reagents are not compatible with carboxylic acids; proton transfer converts the 
Grignard reagent to the corresponding hydrocarbon. 


Conversion of butanoic acid to 1-butanol is a reduction and requires lithium aluminum hy- 
dride as the reducing agent. 


1. LiAIH, 


|| 
СН,СНСЊСОН — но 


CH,CH,CH,CH,OH 


Butanoic acid 1-Butanol 


Carboxylic acids cannot be reduced directly to aldehydes. The following two-step procedure 
may be used: 


О 
| 


| | 1. ШАІН, 
: РСС CH,CH,CH,CH 


CH,CH,CH,COH — но CH;CH,CH,CH,OH —ara, 


Butanoic acid 1-Butanol Butanal 


Remember that alkyl halides are usually prepared from alcohols. 1-Butanol is therefore 
needed in order to prepare 1-chlorobutane. 


Soci 
CH,CH,CH,CH,OH — —— CH,CH,CH,CH,Cl 
]-Butanol [from part (a)] 1-Chlorobutane 
Carboxylic acids are converted to their corresponding acyl chlorides with thionyl chloride. 
О O 
| soci, | 
CH,CH,CH,COH = СН,СН,СН,ССІ 
Butanoic acid Butanoyl chloride 
Aromatic ketones are frequently prepared by Friedel-Crafts acylation of the appropriate acyl 


chloride and benzene. Butanoyl chloride, prepared in part (d), can be used to acylate benzene 
in a Friedel-Crafts reaction. 


О О 
|| AIC, [ 
+ CH,CH,CH,CC] ———— CCH,CH,CH, 


Benzene Butanoyl chloride Phenyl propyl ketone 


The preparation of 4-octanone using compounds derived from butanoic acid may be seen by 
using disconnections in a retrosynthetic analysis. 


| Ж 
CH,CH,CH,CCH,CH,CH,CH, У  CH,CH,CH,CH4-CH,CH,CH,CH, 


б 


|| 
CH,CH,CH,CH + CH,CH,CH,CH,MgBr 
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The reaction scheme which may be used is 


M 
CH,CH,CH,CH,Cl : CH,CH,CH,CH,MgCl 
1-Chlorobutane Butylmagnesium chloride 
[from part (c)] 


О 
| 


1. diethyl ether 
CH,CH,CH,CH,MgCl + CH,CH,CH,CH 


i кни нен нн, 


ОН 


Butylmagnesium chloride Butanal [from part (b)] 4-Octanol 


H,CrO, 


| 
CH,CH,CH,CCH,CH,CH,CH, 


4-Octanone 


(g) Carboxylic acids are halogenated at their a-carbon atom by the Hell—Volhard—Zelinsky 
reaction. 


Р 


CH,CH,CH,CO,H Bc CH,CHCHCOUH 
Br 
Butanoic acid 2-Bromobutanoic acid 


A catalytic amount of РС], may be used in place of phosphorus in the reaction. 
(h)  Dehydrohalogenation of 2-bromobutanoic acid gives 2-butenoic acid. 


1. KOC(CHj), 
———————— 


CH,CH,CHCO)H — о CH,CH=CHCO,H 
| 2. Ht 
Br 
2-Bromobutanoic acid 2-Butenoic acid 


19.21 (a) The compound to be prepared is glycine, an a-amino acid. The amino functional group can be 
introduced by a nucleophilic substitution reaction on an a-halo acid, which is available by 
way of the Hell—Volhard—Zelinsky reaction. 


Bry NH,, H,O 


CH,CO,H е BrCH,CO,H + H,NCH,CO,H 


Acetic acid Bromoacetic acid Aminoacetic acid 
(glycine) 


(b)  Phenoxyacetic acid is used as a fungicide. It can be prepared by a nucleophilic substitution 
using sodium phenoxide and bromoacetic acid. 


1. C,H,ONa 
— ‘s 


BrCH,CO,H = 


C,H,OCH,CO,H + NaCl 


Bromoacetic acid Phenoxyacetic acid 


(C,Hj,P—CHCO,CH,CH, + C,H.CH 


CARBOXYLIC ACIDS 519 


(c) Cyanide ion is a good nucleophile and will displace bromide from bromoacetic acid. 


NaCN 
Na,CO,, H,O 


BrCH,CO,H NCCH,CO,Na NCCH,CO,H 


Bromoacetic acid Sodium cyanoacetate Cyanoacetic acid 
[from part (a)] 


(d) Cyanoacetic acid, prepared as in part (c), serves as a convenient precursor to malonic acid. 
Hydrolysis of the nitrile substituent converts it to a carboxyl] group. 


H,O, H 


NCCH,COH = 


HO,CCH,CO,H 


Cyanoacetic acid Malonic acid 


(e)  lIodoacetic acid is not prepared directly from acetic acid but is derived by nucleophilic substi- 
tution of iodide in bromoacetic acid. 


Nal 
acetone 


BrCH,CO,H ICH,CO,H 


Bromoacetic acid Todoacetic acid 


(f) Two transformations need to be accomplished, o bromination and esterification. The correct 
sequence is bromination followed by esterification. 


Br, CH,CH,OH 
CH,CO,H BrCH,CO,H = ——"—> __BrCH,CO,CH,CH, 
Acetic acid Bromoacetic acid Ethyl bromoacetate 


Reversing the order of steps is not appropriate. It must be the carboxylic acid that is subjected 
to halogenation because the Hell- Volhard-Zelinsky reaction is a reaction of carboxylic acids, 
not esters. 

(e) The compound shown is an ylide. It can be prepared from ethyl bromoacetate as shown 


BrCH,CO,CH,CH, + (С;Н;),Р (C,H,),;PCH,CO,CH,CH, ВЕ 


Ethyl bromoacetate Triphenyl- 
phosphine 
NaOCH,CH, 


(C,H;),P—CHCO,CH,CH, 


Ylide 


The first step is a nucleophilic substitution of bromide by triphenylphosphine. Treatment of 
the derived triphenylphosphonium salt with base removes the relatively acidic o proton, form- 
ing the ylide. (For a review of ylide formation, refer to Section 17.12.) 

(h) Reaction of the ylide formed in part (g) with benzaldehyde gives the desired alkene by a 
Wittig reaction. 


О 
| 


C.H,;CH=CHCO,CH,CH, + (CHj4P—O 


Ylide from part (g) Benzaldehyde Ethyl cinnamate Triphenylphosphine 
oxide 


520 


19.22 


CARBOXYLIC ACIDS 


(a) Carboxylic acids are converted to ethyl esters when they are allowed to stand in ethanol in the 
presence of an acid catalyst. 


H H 
Hc. Je 3 TA HBC P 3 
= + CH,CH,OH ——— a + H,O 
H CO,H H он 
(E)-2-Methyl-2-butenoic acid Ethanol Ethyl (£)-2-methyl-2-butenoate Water 
(74-80%) 


(b) Lithium aluminum hydride, LiAIH,, reduces carboxylic acids to primary alcohols. When 
LiAID, is used, deuterium is transferred to the carbonyl carbon. 


| | 1. LiAID,, diethyl ether | 
COH зно [oq on 
Cyclopropanecarboxylic 1-Cyclopropyl-1,1- 
acid dideuteriomethanol 
(7596) 


Notice that deuterium is bonded only to carbon. The hydroxyl proton is derived from water, 
not from the reducing agent. 

(c) In the presence of a catalytic amount of phosphorus, bromine reacts with carboxylic acids to 
yield the corresponding a-bromo derivative. 


Br 


CO,H 
p Br, CO,H 
P 


Cyclohexanecarboxylic 


acid 1-Bromocyclohexanecarboxylic 


acid (96%) 


(d) Alkyl fluorides are not readily converted to Grignard reagents, and so it is the bromine sub- 
stituent that is attacked by magnesium. 


EU. CO, 
и ether 2. ETT TR 
CO.H 


MgBr 


m-Bromo(trifluoromethyl])- m-(Trifluoromethyl)- 
benzene benzoic acid 


(e) Суапо substituents are hydrolyzed to carboxyl groups in the presence of acid catalysts. 


CH,CN CH,CO,H 


H,O, acetic acid 
— > 
H,SO,, heat 


Cl CI 


m-Chlorobenzyl m-Chlorophenylacetic 
cyanide acid (6196) 
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(f) The carboxylic acid function plays no part in this reaction; free-radical addition of hydrogen 
bromide to the carbon-carbon double bond occurs. 


HBr 


H,C—CH(CH),COH ws?  BrCH;CH(CH;,CO;H 
10-Undecenoic acid 11-Bromoundecanoic acid 
(66—7096) 


Recall that hydrogen bromide adds to alkenes in the presence of peroxides with a regioselec- 
tivity opposite to that of Markovnikov's rule. 


19.23 (а) The desired product and the starting material have the same carbon skeleton, and so all that is 
required is a series of functional group transformations. Recall that, as seen in Problem 19.17, 
a carboxylic acid may be prepared by oxidation of the corresponding primary alcohol. The 
needed alcohol is available from the appropriate alkene. 


H+ 1. BH, K,Cr,0, 


(CH,),COH heat (CH,),C=CH, ОНО > (CH,),CHCH,OH TSO, 0° (CH,;),CHCO,H 
tert-Butyl 2-Methylpropene 2-Methyl-1-propanol 2-Methylpropanoic 
alcohol acid 


(b) The target molecule contains one more carbon than the starting material, and so а carbon- 
carbon bond-forming step is indicated. Two approaches are reasonable; one proceeds by way 
of nitrile formation and hydrolysis, the other by carboxylation of a Grignard reagent. In either 
case the key intermediate is 1-bromo-2-methylpropane. 


(CH;),CHCH,CO;H > (CH,,CHCH,Br 


3-Methylbutanoic acid 1-Bromo-2- 
methylpropane 


The desired alkyl bromide may be prepared by free-radical addition of hydrogen bromide to 
2-methylpropene. 


H* HBr 


(CH,);COH — = (CH,),C=CH, — a (CH,),CHCH,Br 
tert-Butyl 2-Methylpropene 1-Bromo-2- 
alcohol methylpropane 


Another route to the alkyl bromide utilizes the alcohol prepared in part (a). 


PBr, 


(CH),CHCH,OH "+ (CH,),CHCH,Br 
2-Methyl-1-propanol 1-Bromo-2- 
methylpropane 


Conversion of the alkyl bromide to the desired acid is then carried out as follows: 


KCN H,O, H* 
(CH,),CHCH,CN = (CH,),CHCH,CO,H 
(CH,),CHCH,Br ___ 3-Methylbutanoic acid 
1-B -2-methyl Mg І. СО 
ПИ А с (СН CHCH MpBr : (CH,),CHCH,CO,H 


2.H,0* 
3-Methylbutanoic acid 
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(c) Examining the target molecule reveals that it contains two more carbon atoms than the indi- 
cated starting material, suggesting use of ethylene oxide in a two-carbon chain-extension 
process. 


О 
£N 
(CH,);CCH,CO,H [> (CH,),CH-CH,CH,OH = (CH,),CMeX + H,C—tCH, 


This suggests the following sequence of steps: 


О, 
/\ 
HBr Mg 1. H,C—CH, 
(CH4,COH (СНуСВг (CH,);CMgBr = (CH,),;CCH,CH,OH 
a 
tert-Butyl 2-Bromo-2- tert-Butylmagnesium 3,3-Dimethyl-1- 
alcohol methylpropane bromide butanol 
K,Cr,0,, H* 
H,O 
(CH,),CCH,CO,H 


3,3-Dimethylbutanoic 
acid 


(d) This synthesis requires extending a carbon chain by two carbon atoms. One way to form 
dicarboxylic acids is by hydrolysis of dinitriles. 


HO,C(CH,),CO,H > NC(CH,)<CN > Br(CH,),Br 


This suggests the following sequence of steps: 


1. LiAIH noe 
HO,C(CH),CO;H -Ro НОСН,(СН,);СН,ОН в" BrCH,(CH,),CH,Br 
Pentanedioic acid 1,5-Pentanediol 1,5-Dibromopentane 

KCN 
H,O, H 
HO,CCH,(CH,),;CH,CO,H = HO,C(CH,);CO,H ———__ NCCH,(CH,),;CHCN 
Heptanedioic acid 1,5-Dicyanopentane 


(e) The desired alcohol cannot be prepared directly from the nitrile. It is available, however, by 
lithium aluminum hydride reduction of the carboxylic acid obtained by hydrolysis of the 
nitrile. 


O 

H,O, Н? | 1. ПАН, 

кы ЫН mm A но 
C.H; CoH; CoH; 


CH,CHCH,CH,OH 


3-Phenylbutanenitrile 3-Phenylbutanoic acid 3-Phenyl-1-butanol 
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(f) In spite of the structural similarity between the starting material and the desired product, a 
one-step transformation cannot be achieved. 


Le ee [Xs 


Cyclopentyl 1-Bromocyclopentane- 
bromide carboxylic acid 


Instead, recall that o-bromo acids are prepared from carboxylic acids by the Hell- 
Volhard—Zelinsky reaction: 


HN OPES Le 

P 
COH CO,H 
Cyclopentane- 1-Bromocyclopentane- 
carboxylic acid carboxylic acid 


The problem now simplifies to one of preparing cyclopentanecarboxylic acid from 
cyclopentyl bromide. Two routes are possible: 


H,O, H* 
Beo м [Ус о [сон 


Cyclopentyl Cyclopentyl Cyclopentanecarboxylic 
bromide cyanide acid 
Mg 1. CO, 
Br diethyl ether 4 MgBr 2. H,0* CO,H 
Cyclopentyl Cyclopentylmagnesium Cyclopentanecarboxylic 
bromide bromide acid 


The Grignard route is better; it is а “one-pot” transformation. Converting the secondary bro- 
mide to a nitrile will be accompanied by elimination, and the procedure requires two separate 
operations. 

(e) Тв case the halogen substituent is present at the В carbon rather than the a carbon atom of 
the carboxylic acid. The starting material, а B-chloro unsaturated acid, can lead to the desired 
carbon skeleton by a Diels—Alder reaction. 


xX E 
el Jl p C 
= ED и 
СОН СОН 
- : u^ Хон 
A p 
» Ü me 
LE == 
СО,Н 
u^ “сон d 
1,3-Butadiene (E)-3-Chloropropenoic trans-2-Chloro-4- 
acid cyclohexenecarboxylic acid 


The required trans stereochemistry is a consequence of the stereospecificity of the 
Diels—Alder reaction. 
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Hydrogenation of the double bond of the Diels—Alder adduct gives the required product. 


Cl Cl 
М H, M 
Pt 
СОН СОН 


trans-2-Chloro-4- trans-2-Chlorocyclo- 
cyclohexenecarboxylic acid hexanecarboxylic acid 


(h) The target molecule is related to the starting material by the retrosynthesis 


Br 
CH, | | „СН, | СН, 
СН, 


CO,H 


CH, CH, 
2,4-Dimethylbenzoic m-Xylene 
acid 


The necessary bromine substituent can be introduced by electrophilic substitution in the acti- 
vated aromatic ring of m-xylene. 


Br 
CH, CH, 
Br, 
acetic acid 
(or Вг,, FeBr3) 
CH, CH, 
m-Xylene ]-Bromo-2,4- 
dimethylbenzene 


The aryl bromide cannot be converted to a carboxylic acid by way of the corresponding nitrile, 
because aryl bromides are not reactive toward nucleophilic substitution. The Grignard route is 


necessary. 
Br CO,H 
CH, CH, 

1. Mg, diethyl ether 
2. CO, 
3.H,0* 

CH, CH, 

1-Bromo-2,4- 2,4-Dimethylbenzoic 
dimethylbenzene acid 


(i) The relationship of the target molecule to the starting material 


CO,H CH, 
NO, 
Cl Cl 
4-Chloro-3-nitrobenzoic p-Chlorotoluene 
acid 


requires that there be two synthetic operations: oxidation of the methyl group and nitration of 
the ring. The orientation of the nitro group requires that nitration must follow oxidation of the 
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methyl group of the starting material 


CH, CO,H 
K,Cr,0,, H,SO, 
H,O 
Cl Cl 
p-Chlorotoluene p-Chlorobenzoic acid 


Nitration of p-chlorobenzoic acid gives the desired product, because the directing effects of 
the chlorine (ortho, para) and the carboxyl (meta) groups reinforce each other. 


CO,H CO.H 
HNO, 
H,SO, 
NO, 
Cl Cl 
p-Chlorobenzoic 4-Chloro-3- 
acid nitrobenzoic acid 


(j) The desired synthetic route becomes apparent when it is recognized that the Z alkene 
stereoisomer may be obtained from an alkyne, which, in turn, is available by carboxylation of 
the anion derived from the starting material. 


Н.С CO,H 


E а > CH,C=CCO,H > CH,C=cr + со, 


The desired reaction sequence is 


NaNH, CH.C=CN 1. CO, 
NH; eee 2. H,O* 


CH,C=CH CH,C=CCO,H 


Propyne Propynylsodium 2-Butynoic acid 


Hydrogenation of the carbon-carbon triple bond of 2-butynoic acid over the Lindlar catalyst 
converts this compound to the Z isomer of 2-butenoic acid. 


сн.с=ссон erem т 
3 2 VA = ~ 
H H 
2-Butynoic acid (Z)-2-Butenoic acid 


19.24 (а) Only the cis stereoisomer of 4-hydroxycyclohexanecarboxylic acid is capable of forming a 
lactone, as can be seen in the following drawings or with a molecular model. The most stable 
conformation of the starting hydroxy acid is a chair conformation; however, in the lactone, the 
cyclohexane ring adopts a boat conformation. 


О О 
X, OH S 
OH \ oH No 
О 
| Еэ ———- 
HOC 
cis-4-Hydroxycyclohexane cis-A-Hydroxycyclohexane Lactone 
carboxylic acid carboxylic acid 


(chair conformation) (boat conformation) 
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(b) As in part (a), lactone formation is possible only when the hydroxyl and carboxyl groups 


are Cis. 
O 
HO HO CO;H О 
у чау Eu 7 = 
cis-3-Hydroxycyclo- Lactone 


hexanecarboxylic acid 


Although the most stable conformation of cis-3-hydroxycyclohexanecarboxylic acid has both 
substituents equatorial and is unable to close to a lactone, the diaxial orientation is accessible 
and is capable of lactone formation. 

Neither conformation of trans-3-hydroxycyclohexanecarboxylic acid has the substituents 
close enough to each other to form an unstrained lactone. 


HO 


Ves — Lo 
| CO,H 


OH 


trans-3-Hydroxycyclohexanecarboxylic acid: lactone formation impossible 


19.25 (a) The most stable conformation of formic acid is the one that has both hydrogens anti. 


i 
О О О О 
Sus N Su 7 
ES T 
H H 
Syn: less stable Anti: more stable 
conformation of conformation of 
formic acid formic acid 


A plausible explanation is that the syn conformation is destabilized by lone-pair repulsions. 


Repulsion between 


lone pairs 
о Í 
Со Y ; со 029 
Н Н 
Syn Anti 


(b) A dipole moment of zero can mean that the molecule has a center of symmetry. One structure 
that satisfies this requirement is characterized by intramolecular hydrogen bonding between 
the two carboxyl] groups and an anti relationship between the two carbonyls. 


Intramolecular hydrogen bond 


d od 
C—C 
/ \ 

оо 


25 H {Intramolecular hydrogen bond 
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Another possibility is the following structure; it also has a center of symmetry and an anti re- 
lationship between the two carbonyls. 


N Pru 
н. 0—6 
“о O 


Other centrosymmetric structures can be drawn; these have the two hydrogen atoms out of the 
plane of the carboxyl groups, however, and are less likely to occur, in view of the known pla- 
narity of carboxyl groups. Structures in which the carbonyl groups are syn to each other do not 
have a center of symmetry. 

(c) The anion formed on dissociation of o-hydroxybenzoic acid can be stabilized by an intra- 
molecular hydrogen bond. 


| | 
C oue C. uw 
Cx b: Cx b. 
УН 
О OCH, 
o-Hydroxybenzoate ion o-Methoxybenzoate ion 
(stabilized by hydrogen (hydrogen bonding is 
bonding) not possible) 


(d) Ascorbic acid is relatively acidic because ionization of its enolic hydroxyl at C-3 gives an 
anion that is stabilized by resonance in much the same way as a carboxylate ion; the negative 
charge is shared by two oxygens. 


H OH H OH H OH . 

2 X 20 мнсо, L „Со: Ф AO бг 
HOCH; \__ HOCH, (o HOCH; ј 

HO Он 10:9 "oH O OH 


Acidic proton in 
ascorbic acid 


19.26 Dicarboxylic acids in which both carboxyl groups are attached to the same carbon undergo ready 
thermal decarboxylation to produce the enol form of an acid. 


o of" OH 
\ AA | 
с Ço 
y A CS, 
C heat OH 
OH + CO, 
Cl Cl 

Compound A 


This enol yields a mixture of cis- and trans-3-chlorocyclobutanecarboxylic acid. The two products 
are stereoisomers. 


OH 
ў н нос 
Sens ЕСОН АН 
ey 3 
/ С” С 
CI H H 
cis-3-Chlorocyclobutane- trans-3-Chlorocyclobutane- 


carboxylic acid carboxylic acid 
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19.27 Examination of the molecular formula С „НО, reveals that the compound has an index of hydrogen 
deficiency of 2. Because we are told that the compound is a carboxylic acid, one of these elements 
of unsaturation must be а carbon-oxygen double bond. The other must be a carbon-carbon double 
bond because the compound undergoes cleavage on ozonolysis. Examining the products of ozonol- 
ysis serves to locate the position of the double bond. 


1.0, 


CH(CH,,CH&-CH(CHj4CO)H ноя HO, Zn 


CH,(CH,),CH + HC(CH,),CO,H 


Cleavage by ozone Nonanal 5-Oxopentanoic acid 
occurs here. 


The starting acid must be 5-tetradecenoic acid. The stereochemistry of the double bond is not re- 
vealed by these experiments. 


19.28 Hydrogenation of the starting material is expected to result in reduction of the ketone carbonyl while 
leaving the carboxyl group unaffected. Because the isolated product lacks a carboxyl group, how- 
ever, that group must react in some way. The most reasonable reaction is intramolecular esterifica- 
tion to form a y-lactone. 


О 
| н, Ni | 
CH,CCH,CH,COH —2~—> CH,CHCH,CH,COH Еа 
| H,C О О 
OH 
Levulinic acid 4-Hydroxypentanoic 4-Pentanolide 
acid (not isolated) (C5HgO>) 


19.29 Compound A is a cyclic acetal and undergoes hydrolysis in aqueous acid to produce acetaldehyde, 
along with a dihydroxy carboxylic acid. 


O^ 70 но“ но OH | 
сн, ———— (Ден, + СЊСН 
CH,CO,H CH,CO,H 
Compound A 3,5-Dihydroxy-3-methylpentanoic Acetaldehyde 
acid 


The dihydroxy acid that is formed in this step cyclizes to the 6-lactone mevalonolactone. 


О 
HO OH E WR E О 
CH, ‚ЭЕ А CH, 
CH,CO,H ou OH 
3,5-Dihydroxy-3- Mevalonolactone 


methylpentanoic acid 


19.30 Compound A is a 6-lactone. To determine its precursor, disconnect the ester linkage to a hydroxy 
acid. 


CH, CH, 


Compound A 
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The precursor has the same carbon skeleton as the designated starting material. All that is necessary 
is to hydrogenate the double bond of the alkynoic acid to the cis alkene. This can be done by using 
the Lindlar catalyst. Cyclization of the hydroxy acid to the lactone is spontaneous. 


H H 
H, \ и = 
т CLindarPd > poe == О 
Н.С CO,H O 
OH CH, 
CH,CHOH 
5-Hydroxy-2-hexynoic (Not isolated) Compound A 
acid 
19.31 Hydration of the double bond can occur in two different directions: 
HOC  — сон - ies poe 
zb EE - Сва e UR + о ЕЁ 
H CH,CO,H OH OH 


(a) The achiral isomer is citric acid. 
CO,H 
HO,CCH,CCH,CO,H 
би 
Citric acid has no stereogenic centers. 


(b) The other isomer, isocitric acid, has two stereogenic centers (marked with an asterisk*). Iso- 
citric acid has the constitution 


сон 
HO,CCHGHCH,CO;H 


OH 


Isocitric acid 


With two stereogenic centers, there are 22, or four, stereoisomers represented by this constitu- 
tion. The one that is actually formed in this enzyme-catalyzed reaction is the 2R,3S isomer. 


19.32 Carboxylic acid protons give signals in the range 6 10-12 ppm. А signal in this region suggests the 
presence of a carboxyl] group but tells little about its environment. Thus, in assigning structures to 
compounds A, B, and C, the most useful data are the chemical shifts of the protons other than the 
carboxyl protons. Compare the three structures: 


O H H 
|| ETÀ 
HCOH Х=с HO,CCH,CO,H 
НОЈС CO,H 
Formic acid Maleic acid Malonic acid 


The proton that is diagnostic of structure in formic acid is bonded to a carbonyl group; it is an 
aldehyde proton. Typical chemical shifts of aldehyde protons are 8-10 ppm, and therefore formic 
acid is compound C. 


H—C—O—H 
6 8.0 ppm д 11.4 ppm 
Compound C 
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The critical signal in maleic acid is that of the vinyl protons, which normally is found in the range 
ô 5-7 ppm. Maleic acid is compound B. 


H Не“ ~ 8 6.3 ppm 
С=< 
/ \ 
HO,C СОН < 6 12.4 ppm 


Compound B 


Compound A is malonic acid. Here we have a methylene group bearing two carbonyl substituents. 
These methylene protons are more shielded than the aldehyde proton of formic acid or the vinyl pro- 
tons of maleic acid. 


HO,CCH,CO,H 
6 3.2 ppm 6 12.1 ppm 


Compound A 


Compounds A and B both exhibit 'H NMR absorptions in the region ô 11-12 ppm characteristic of 
carboxylic acids. The formula C,H,O, suggests an index of hydrogen deficiency of 1, accounted for 
by the carbonyl of the carboxyl group. Compound A has the triplet-quartet splitting indicative of an 
ethyl group, and compound B has two triplets, suggesting —CH,CH,—. 


3.6 ppm (q) О 11.1 ppm (s) 3.7 ppm (t) | 11.3 ppm (s) 
CH,CH,0CH,COH CH,0CH,CH,COH 
1.3 ppm (t) 4.1 ppm (s) 3.4 ppm (s) 2.6 ppm (t) 
Compound A Compound B 


(a) Тһе formula of compound A (C4H5CIO,) has an index of hydrogen deficiency of 1—the 
carboxyl group. Only two structures are possible: 


O O 
2 # 
CICH,CH,C( and А 
OH Cl OH 
3-Chloropropanoic acid 2-Chloropropanoic acid 


Compound A is determined to be 3-chloropropanoic acid on the basis of its 'H NMR spec- 
trum, which shows two triplets at 6 2.9 and 6 3.8 ppm. 


70 
CICH, —CH,—C 
E Sog 
Triplet 6 3.8 ppm — Triplet 8 2.9 ppm у 11.9 ррт 


Compound А 


Compound A cannot Бе 2-chloropropanoic acid, because that compound’s 'H NMR spectrum 
would show a three-proton doublet for the methyl group and a one-proton quartet for the 
methine proton. 

(b) Тһе formula of compound В (C,H,NO,) corresponds to an index of hydrogen deficiency of 6. 
The presence of an aromatic ring, as evidenced by the 'H NMR absorptions at 6 7.5 and 


SELF-TEST 
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8.2 ppm, accounts for four of the unsaturations. The appearance of the aromatic protons as a 
pair of doublets with a total area of 4 suggests a para-disubstituted ring. 


ty 


That compound B is a carboxylic acid is evidenced by the singlet (area = 1) at 6 12.1 ppm. 
The remaining 'H NMR signals—a quartet at 6 3.9 ppm (1H) and a doublet at 8 1.6 ppm 
(3H)—suggest the fragment СН—СН.. All that remains of the molecular formula is —NO,. 
Combining this information identifies compound B as 2-(4-nitrophenyl)propanoic acid. 


p 
ON CHCO;H 


2-(4-Nitrophenyl)propanoic acid 
(compound B) 


PART A 


A-1. Provide an acceptable IUPAC name for each of the following: 


CH, 


| 
(a) О ООН ЫН 


CH, 


(c) CH,CHCHCO,H 


| 
CH,CH, 


A-2. Both of the following compounds may be converted into 4-phenylbutanoic acid by one 
or more reaction steps. Give the reagents and conditions necessary to carry out these con- 
versions. 


C,H,CH,CH,CH(CO)H), — C,H,CH,CH,CH,Br 


(Two methods) 


А-3. Тһе species whose structure is shown 15 an intermediate in an esterification reaction. Write 
the complete, balanced equation for this process. 


CHsCH,COCHLCH, 
OH 
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Give the correct structures for compounds A through C in the following reactions: 


Br, KI 


(a) (CH,),CHCH,CH,CO,H > A 


Р асеїопе 


B 


| 
(b) C —** + сенсснсну, + CO, 


A-5. Give the missing reagent(s) and the missing compound in each of the following: 
zen 2 9 1. CO, 
(a) N # Вг js! $ 2. но » CO,H 
O 
| , Рес | 
(b CH,CH,CH,COH > 7 сна ^ CH,CH,CH,CH 
д 279 
О 
|| ? NaSCH, || 
(c CH,CH,CH,COH > ? > REESE 
SCH, 
мем , 
(d) CH,CH,CH Bcp 7 7 > И 
ОН 
A-6. Identify the carboxylic acid (C,H,BrO,) having the ЇН NMR spectrum consisting of 
6 1.1 ppm, 3H (triplet) 
6 2.0 ppm, 2H (pentet) 
6 4.2 ppm, 1H (triplet) 
6 12.1 ppm, 1H (singlet) 
A-7. Draw the structure of the tetrahedral intermediate in the esterification of formic acid with 
1-butanol. 
A-8. Write a mechanism for the esterification reaction shown. 
| 
CH,COH + CH,OH H CH,CO,CH, + H,O 
PART B 
B-1. Which of the following is a correct IUPAC name for the compound shown? 


CO,H 
(CH,CH,),CCH,CH(CH;CH,), 


(a) 1,1,3-Triethylhexanoic acid 

(b)  2,2,4-Triethylhexanoic acid 

(c) 3,5-Diethyl-3-heptylcarboxylic acid 
(d) 3,5,5-Triethyl-6-hexanoic acid 
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B-2. 


B-4. 


B-5. 


Rank the following substances in order of decreasing acid strength (strongest — weakest): 


CH,CH,CH,CO,H — CH,CH—CHCO;H — CH,CH,CH,CH,OH | CH,CeCCO,H 


1 2 3 4 
(ay 457251553 (y 3315254 
(by 1>2>4>3 (d 2242123 


Which of the following compounds will undergo decarboxylation on heating? 


О О CO;H CO,H 
О 
1 2 3 4 
(a) 2and3 (c) 3only 
(b Запа4 (d) land4 
Which of the following is least likely to form a lactone? 
OH 
OH 
(a) CH,CHCH,CH,CO,H (c) 
CO,H 
OH 
OH 
» СХ а 
CH,CO,H "COH 


Compare the two methods shown for the preparation of carboxylic acids: 


Method 1: 
Mg я b 
RBr diethyl ether RMgBr 2. HO* RCO,H 
Method 2: 
а H,O, НСІ 
RBr —““—- RCN ———— ЕСОН 


Which one of the following statements correctly describes this conversion? 


P = Cp 


Br COH 


(a) Both method 1 and method 2 are appropriate for carrying out this conversion. 
(b) Neither method 1 nor method 2 is appropriate for carrying out this conversion. 
(c) Method 1 will work well, but method 2 is not appropriate. 

(d) Method 2 will work well, but method 1 is not appropriate. 
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B-6. Which one of the following is not an intermediate in the generally accepted mechanism for 
the reaction shown? 


[e 
|| 14,50, || 
СЕ.СОН + е — Cr COCHCH, + H,O 


OH CH, 


Н н 0H jd ou 
+ 

CF,C—ÓH кы - ИОН CFC —OCH(CH,), CEG поно CHG = OCH): 
:ЮН H ОН ОН "OH, 


(a) (b) (c) (d) (е) 


B-7. Identify compound С in the following sequence: 


на, H,O 1. LiAlH, PC 
————— 


(CH4CHCH;C-N compoundA — но compound В CHL compound C 


heat 


| OH | | | 
(CH,),CHCCH, (CH,),CHCH=CC (CH,,CHCH,CH . (CHj,CHCH,COH = (CH,), CHCCH,OH 
OH 
(a) (b) (c) (d) (e) 


B-8. What is the final product (B) of this sequence? 


CH, 
Br, 1. KCN 
light A 2. H0, heat B 
CH, CO,H 
CO,H 
(a) +para (c) 
CH, CH,CO,H 
(b) (d) 
CO,H 


(e) None of these 
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B-9. 


B-10. 


B-11. 


Which one of the following undergoes decarboxylation (loses carbon dioxide) most readily 
on being heated? 


О 
(a) (d) 
OH 
n HO О Я 
О О 
(b) © 
НО OH e 
О 
НО О 
О 
© 
HO O 


Which of the compounds in the previous problem yields a 6-lactone on being reduced with 
sodium borohydride? 


What is compound Z? 


; H,O” CH,CH,OH 
CH,CH,CHBr —““— x —— ү — > 
| 
(a) CH,CH=CHCOH (d) CH,CH,CH,CH—NOCH,CH, 
j 
(P CH,CH,CH,CH(OCH,CH;), (€) CH,CH,CH,COCH,CH, 


(c) CH,CH,CHC=N 
OCH,CH, 


CHAPTER 20 


CARBOXYLIC ACID DERIVATIVES: 
NUCLEOPHILIC ACYL SUBSTITUTION 


SOLUTIONS TO TEXT PROBLEMS ace 
NI 
20.1 (b) Carboxylic acid anhydrides bear two acyl groups on oxygen, as in RCOCR. They are named 
as derivatives of carboxylic acids. 


| ||| 
CESCHICHCOH CECE HEOC HONEN, 
СН; СН; CH; 


2-Phenylbutanoic acid 2-Phenylbutanoic anhydride 


(c) Butyl 2-phenylbutanoate is the butyl ester of 2-phenylbutanoic acid. 
| 
CH,CH,CHCOCH,,CH,CH,CH, 
C.H; 
Butyl 2-phenylbutanoate 


(d) In2-phenylbutyl butanoate the 2-phenylbutyl group is an alkyl group bonded to oxygen of the 
ester. It is not involved in the acyl group of the molecule. 


О 
не 
бн, 
2-Phenylbutyl butanoate 
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|| 
(e) The ending -amide reveals this to be а compound of the type RCNH,. 


| 
CECH CHEN: 
СН; 
2-Phenylbutanamide 


(f) This compound differs from 2-phenylbutanamide in part (e) only in that it bears an ethyl sub- 
stituent on nitrogen. 


O 
биби нб ЕН! 
бн, 
N-Ethyl-2-phenylbutanamide 


(g) The -nitrile ending signifies a compound of the type RC=N containing the same number of 
carbons as the alkane RCH}. 


со 
СеН; 


2-Phenylbutanenitrile 


20.2 The methyl groups іп №, N-dimethylformamide are nonequivalent; опе is cis to oxygen, the other is 
trans. The two methyl groups have different chemical shifts. 


:0 CH TO CH 
R Сү : — EA : 
a: - e uH/ “сн 


Rotation about the carbon-nitrogen bond is required to average the environments of the two methyl 
groups, but this rotation is relatively slow in amides as the result of the double-bond character im- 
parted to the carbon-nitrogen bond, as shown by these two resonance structures. 


20.3 (b) Benzoyl chloride reacts with benzoic acid to give benzoic anhydride. 
|| О 
C,H;COCCQH, + HCl 


|| || 
C,H,CCl + C4H,COH 


Benzoyl Benzoic acid Benzoic anhydride Hydrogen 
chloride chloride 


(c) Acyl chlorides react with alcohols to form esters. 
| | 
C,H;CCl + CH,CH,OH 


C,H,COCH,CH, + на 


Benzoyl Ethanol Ethyl benzoate Hydrogen 
chloride chloride 


The organic product is the ethyl ester of benzoic acid, ethyl benzoate. 
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(d) Acyl transfer from benzoyl chloride to the nitrogen of methylamine yields the amide N-methyl- 
benzamide. 


| 
C,H,CNHCH, + CH,NH, СГ 


| 
C,H,CCI + 2CH,NH, 


Benzoyl Methylamine N-Methylbenzamide 
chloride 


(e) In analogy with part (d), an amide is formed. In this case the product has two methyl groups 
on nitrogen. 

О О 

| || + 


C,H,CN(CH,, + (CH,4NH, СГ 


C,H,CCl + 2(CH,),NH 


Benzoyl Dimethylamine N,N-Dimethylbenzamide 
chloride 


(f) Acyl chlorides undergo hydrolysis on reaction with water. The product is a carboxylic acid. 
О О 
|| || 


C,H,CC| + H,O C,H,COH + на 


Benzoyl Water Benzoic acid Hydrogen 
chloride chloride 


20.4 (b) Nucleophilic addition of benzoic acid to benzoyl chloride gives the tetrahedral intermediate 


shown. 
О О HO О 
асса =F re emco ei 
а 
Benzoyl Benzoic acid Tetrahedral intermediate 


chloride 


Dissociation of the tetrahedral intermediate occurs by loss of chloride and of the proton on the 


oxygen. 
H 
QI NI 
C HOCH, C,H,COCC,H, + на 
с) 
Tetrahedral intermediate Benzoic anhydride Hydrogen 


chloride 


(c) Ethanol is the nucleophile that adds to the carbonyl group of benzoyl chloride to form the 
tetrahedral intermediate. 


OH 
ace + CH,CH,OH ee 
à 
Benzoyl Ethanol Tetrahedral intermediate 


chloride 
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In analogy with parts (a) and (5) of this problem, a proton is lost from the hydroxyl group 
along with chloride to restore the carbon—oxygen double bond. 


|- 
О 
G 


| 
C,H;COCH,CH, + на 


CH,COCH.CH, 
cP 
Tetrahedral intermediate Ethyl benzoate Hydrogen 


chloride 


(d) The tetrahedral intermediate formed from benzoyl] chloride and methylamine has а carbon— 
nitrogen bond. 


OH 
а + CHNH, О 
а 
Benzoyl Methylamine Tetrahedral intermediate 


chloride 


The dissociation of the tetrahedral intermediate may be shown as 


н. 
О 
G 


|| 
C,H,CNHCH, + на 


кынын; 
С1 
Tetrahedral intermediate N-Methylbenzamide Hydrogen 


chloride 


More realistically, it is a second methylamine molecule that abstracts a proton from oxygen. 


CH,NH, 
H 
ч) | 
+ 
Сен;омнсн, C,H,CNHCH, + CH,NH, СГ 
Cl N-Methylbenzamide Methylammonium 
chloride 


(e) The intermediates in the reaction of benzoyl chloride with dimethylamine are similar to those 
in part (d). The methyl substituents on nitrogen are not directly involved in the reaction. 


| ji 
C,H,CC] + (CH,),;NH снн; 
С1 
Benzoyl Dimethylamine Tetrahedral intermediate 
chloride 
Then 
(CH;),NH 
H 
С | 


+ 

Санмен, — _C,H.CN(CH,), + (CH,),NH, СГ 

СІ N,N-Dimethylbenzamide Dimethylammonium 
chloride 
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(f) Water attacks the carbonyl group of benzoyl chloride to form the tetrahedral intermediate. 


О OH 
emie + H,O GRECO 
бн 

Benzoyl Water Tetrahedral 

chloride intermediate 


Dissociation of the tetrahedral intermediate occurs by loss of chloride and the proton on 


oxygen. 
H 
Со О 
lx | 
ой. C,H,COH + на 
OH 
Tetrahedral Benzoic acid Hydrogen 
intermediate chloride 


20.5 Опе equivalent of benzoyl chloride reacts rapidly with water to yield benzoic acid. 


| 
C,H,COH + на 


снса + H,O 
Benzoyl Water Benzoic acid Hydrogen 


chloride chloride 


The benzoic acid produced in this step reacts with the remaining benzoyl chloride to give benzoic 
anhydride. 
|| | оо 


||| 
C,H,CCI + С,Н.СОН C,H;COCC,H; + на 


Benzoyl Benzoic acid Benzoic anhydride Hydrogen 
chloride chloride 


20.6 Acetic anhydride serves as a source of acetyl cation. 


+ 
:О=ССН, 
Acetyl cation 
20.7 (b) Acyl transfer from an acid anhydride to ammonia yields an amide. 
|] | | 
CH,COCCH, + 2NH, CH,CNH, + CH,CO~ NH, 


Acetic anhydride Ammonia Acetamide Ammonium acetate 


The organic products are acetamide and ammonium acetate. 
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(c) The reaction of phthalic anhydride with dimethylamine is analogous to that of part (b). The 
organic products are an amide and the carboxylate salt of an amine. 


О 

О | 
CN(CH,), 

O + 2(CHj;NH EJ H,N(CH,), 

СО 

О | 
О 

Phthalic anhydride Dimethylamine Product is an amine salt and 


contains an amide function. 


In this case both the amide function and the ammonium carboxylate salt are incorporated into 
the same molecule. 

(d) The disodium salt of phthalic acid is the product of hydrolysis of phthalic acid in excess 
sodium hydroxide. 


О 
О estes 
CO Na 
O + 2Na0H —— СТ + H,O 
СО Ма" 
О || 
О 
Phthalic anhydride Sodium Sodium phthalate Water 


hydroxide 


20.8 (b) The tetrahedral intermediate is formed by nucleophilic addition of ammonia to one of the car- 
bonyl groups of acetic anhydride. 


ani O HO O 
б ОШО CH. ОГО 
МН, a 
Tetrahedral 
intermediate 


Dissociation of the tetrahedral intermediate occurs by loss of acetate as the leaving group. 


(СУ 
HN: HL 
CF | | 
+ 
сосот CH,CNH, + H,N ~OCCH, 
NH, 
Ammonia + tetrahedral Acetamide Ammonium acetate 
intermediate 


(c) Dimethylamine is the nucleophile; it adds to one of the two equivalent carbonyl groups of 
phthalic anhydride. 


CP HG N(CH): 
ae 
O + HN(CH,), —— О 
O O 
Phthalic Dimethylamine Tetrahedral 


anhydride intermediate 
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A second molecule of dimethylamine abstracts a proton from the tetrahedral intermediate. 


(СН,),МН 


CN(CH,), 
A e | 3 
р 
CO” H,N(CH,), 


| 
О 


Tetrahedral intermediate + second Product of reaction 
molecule of dimethylamine 


(d) Hydroxide acts as a nucleophile to form the tetrahedral intermediate and as a base to facilitate 
its dissociation. 


Formation of tetrahedral intermediate: 


CP 9 он 
o DH О 
О О 
Phthalic anhydride 
Q он HO он 
о + HO O + сон 
O O 
Tetrahedral 
intermediate 


Dissociation of tetrahedral intermediate: 


poc № 
wo UN О 
О он || 
а! COH 
О ee + HO 
со“ 
О | 
О 


In base, the remaining carboxylic acid group is deprotonated. 
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20.9 The starting material contains three acetate ester functions. All three undergo hydrolysis in aqueous 
sulfuric acid. 


| [ н.о 
о = BOGEN енен + 3CH,COH 
оь OH 


1,2,5-Pentanetriol (C5H,703) Acetic acid 


The product is 1,2,5-pentanetriol. Also formed in the hydrolysis of the starting triacetate are three 
molecules of acetic acid. 


20.10 Step 1: Protonation of the carbonyl oxygen 


+ 


Ó: H H 
"Aw эй m / 


7-0: — + :O: 
мев се Н... R 
OCH,CH, H OCH,CH, H 
Ethyl benzoate Hydronium Protonated form of ester Water 


10n 


Step 2: Nucleophilic addition of water 


EN. | 
jo: CHC CsH,C—OCH,CH, 
H^ Ne ОШОН, d 
JON 
H H 
Water Protonated form of ester Oxonium ion 


Step 3: Deprotonation of oxonium ion to give neutral form of tetrahedral intermediate 


:OH H :OH H 
| 2. РА | -T +. 
йаз + 305 от = OEGE, + H—Of 
+ H š H 
HO: 
208 О 
H H Tetrahedral Hydronium 
intermediate ion 


Step 4: Protonation of ethoxy oxygen 


:ÓH H :ÓH Wd 
LE. С NT VA 
CH,C—ÓOCH,CH, + H-- (X C,H;C—GCH,CH, + :0 
HO: HO: H 
Tetrahedral Hydronium Oxonium ion Water 


intermediate ion 
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Step 5: Dissociation of protonated form of tetrahedral intermediate 


This step yields ethyl alcohol and the protonated form of benzoic acid. 


:OH + 
C 


OH 
Сы УЖ ^ 
«н ОН CHC + HOCH,CH, 
:OH H он 
Oxonium ion Protonated form Ethyl alcohol 


of benzoic acid 


Step 6: Deprotonation of protonated form of benzoic acid 


+) Ра 
O—H H O: H 
И ON RY, # i 
CHC + 04 CHC + H—X 
ОН H ЮН H 
Protonated form Water Benzoic acid Hydronium ion 


of benzoic acid 


20.11 То determine which oxygen of 4-butanolide becomes labeled with "30, trace the path of '^O-lIabeled 
water (Ө = О) as it undergoes nucleophilic addition to the carbonyl group to form the tetrahedral 
intermediate. 


С. + не == Qo 
О 


О О oH 
4-Butanolide '8Q-labeled Tetrahedral 
water intermediate 


The tetrahedral intermediate can revert to unlabeled 4-butanolide by loss of !*O-labeled water. 
Alternatively it can lose ordinary water to give '*O-labeled lactone. 


H* 
{усон == Cs + H,O 


О Ын О 
Tetrahedral 180-labeled Water 
intermediate 4-butanolide 


The carbonyl oxygen is the one that is isotopically labeled in the '5O-enriched 4-butanolide. 


20.12 On the basis of trimyristin’s molecular formula C,;H,,O, and of the fact that its hydrolysis gives 
only glycerol and tetradecanoic acid CH,(CH,),,CO,H, it must have the structure shown. 


О 
| | 
CH(CH),C0^ ТҮ "0CCH),;CH; 

OC(CH,) CH 


Trimyristin 
(Са Об) 
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20.13 Because ester hydrolysis in base proceeds by acyl-oxygen cleavage, the '*O label becomes 
incorporated into acetate ion (@ = 80). 


| | E 
CH,CH,CH,CH,CH,0 CCH, + OH CH,CH,CH,CH,CH,OH + сн, 
© 
Pentyl acetate Hydroxide 1-Pentanol Acetate ion 


10n 


20.14 Step 1: Nucleophilic addition of hydroxide ion to the carbonyl group 


: gö d e 
HOD + CH C,H;C—OCH,CH, 
ÜCH,CH, з 
Hydroxide Ethyl benzoate Anionic form of 
ion tetrahedral intermediate 


Step 2: Proton transfer from water to give neutral form of tetrahedral intermediate 


:О= ОН 
M" C МЕ" m 
CES ВОН + HUGH с онн + ÖH 
:OH :OH 
Anionic form of Water Tetrahedral Hydroxide 
tetrahedral intermediate intermediate ion 


Step 3: Dissociation of tetrahedral intermediate 


Ó 


H—O: г. 
nea G CS д И 
HO: + Сое Е HÖH + CHC + :ӧсн,Сн, 
:ОН ОН 
Hydroxide Tetrahedral intermediate Water Benzoic acid Ethoxide ion 
ion 
Step 4: Proton transfer from benzoic acid 
O: O: 
CHC” + лОн CHC’ + HOH 
6775 et 6:55 ve 
“н or 
Benzoic acid Hydroxide Benzoate ion Water 


10n 


20.15 The starting material is a lactone, a cyclic ester. The ester function is converted to an amide by 
nucleophilic acyl substitution. 


CH, 
|| 
CH,NH, + Oy CHINHOCHIOHA HOME 
b OH 


Methylamine 4-Pentanolide 4-Hydroxy-N-methylpentanamide 
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20.16 Methanol is the nucleophile that adds to the carbonyl group of the thioester. 


ФУ e 


" | 
CH,CSCH,CH,OC,H, + CH,OH CH,C -SCH,CH,OC,H, CH,COCH, + HSCH,CH,OC,H, 
pc e d OCH, 
S-2-Phenoxyethyl Methanol Tetrahedral intermediate Methyl acetate 2-Phenoxyethanethiol 


ethanethiolate 


2017 (b) Acetic anhydride is the anhydride that must be used; it transfers an acetyl group to suitable 
nucleophiles. The nucleophile in this case is methylamine. 

NI | | 

CH,COCCH, + 2CH,NH, 


+ 


CH,CNHCH, + CH,CO™ CH,NH, 


Acetic Methylamine N-Methylacetamide Methylammonium 
anhydride acetate 


(c) The acyl group is HC—. Because the problem specifies that the acyl transfer agent is a 
methyl ester, methyl formate is one of the starting materials. 


| | 
HCOCH, + HN(CH,), HCN(CH,, + CHOH 


Methyl Dimethylamine N,N-Dimethylformamide Methyl 
formate alcohol 


20.18 Phthalic anhydride reacts with excess ammonia to give the ammonium salt of a compound known 
as phthalamic acid. 


О | 
CNH, 
О + 2NH, Cx А 
со“ NH, 
O | 
Ó 
Phthalic Ammonia Ammonium phthalamate 
anhydride (С.Н о М04) 


Phthalimide is formed when ammonium phthalamate is heated. 


| О 
СМН, 
CX Ши > NH + NH, + но 
ds 
со“ NH, 
| О 
О 
Ammonium phthalamate Phthalimide Ammonia Water 
20.19 Step 1: Protonation of the carbonyl oxygen 
ire + 
O: H OH H 
А ru m ip 2% / 
CH;C + HÒ == СНС + 208 
МНС,Н, Н МСен; H 
Acetanilide Hydronium ion Protonated form Water 


of amide 
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Step 2: Nucleophilic addition of water 


н сон e 
JO; + CHC CH,C—NHC,H, 
H NHC,H, UN 
HONS 
H H 
Water Protonated form Oxonium ion 
of amide 


Step 3: Deprotonation of oxonium ion to give neutral form of tetrahedral intermediate 


CH,C—NHC,H, + jo Е + но 
Н Н 

+O :OH 
PN = 

Н Н 
Oxonium ion Water Tetrahedral Hydronium ion 

intermediate 
Step 4: Protonation of amino group of tetrahedral intermediate 
Y + 

CHC НОН. + Hof === сее CN 
:OH H :OH H H 
Tetrahedral Hydronium ion N-Protonated form of Water 
intermediate tetrahedral intermediate 


Step 5: Dissociation of N-protonated form of tetrahedral intermediate 


A | 
"E Е 
CH,C-CNCH, === CHC + НАС, 
ОН H pH 
N-Protonated form of Protonated form Aniline 
tetrahedral intermediate of acetic acid 
Step 6: Proton-transfer processes 
H H 
Ne О oe N + 
>H + н,Ксун, Jo + HACH; 
H H 
Hydronium ion Aniline Water Anilinium ion 
о-н H б: H 
И 7, И 4 
СНС + iof CHC + н 
OH H OH H 
Protonated form Water Acetic acid Hydronium ion 


of acetic acid 
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20.20 Step 1: Nucleophilic addition of hydroxide ion to the carbonyl group 


Oy :0: 
HOR + Жен, === E 
On 
Hydroxide N,N-Dimethylformamide Anionic form of tetrahedral 
ion intermediate 


Step 2: Proton transfer to give neutral form of tetrahedral intermediate 


:0= :OH 

i T um ы 
кнн + HCOOH > He N(CHj, + “ÖH 
:OH :OH 

Anionic form Water Tetrahedral Hydroxide 
of tetrahedral intermediate ion 
intermediate 


Step 3: Proton transfer from water to nitrogen of tetrahedral intermediate 


ОН ОН 


| “уз О (ss | + ET 
RC d + НОН NS. + :OH 


:OH :OH 
Tetrahedral Water N-Protonated form of Hydroxide 
intermediate tetrahedral intermediate ion 


Step 4: Dissociation of N-protonated form of tetrahedral intermediate 


H 
Ne, 
О: б: 
FA | С 5 VA a 
HO: + HCCNH(CH,, н.д: + НС) + HN(CH)), 
Hydroxide N-Protonated form Water Formic acid Dimethylamine 
ion of tetrahedral 
intermediate 
Step 5: Irreversible formation of formate ion 
O: O: 
Л i 2 se 
Ноу + ОН НО. + НОН 
д-н: 0: 
Formic acid Hydroxide Formate ion Water 


ion 


20.21  Asynthetic scheme becomes apparent when we recognize that a primary amine may be obtained by 
Hofmann rearrangement of the primary amide having one more carbon in its acyl group. This amide 
may, in turn, be prepared from the corresponding carboxylic acid. 


о 
|| 
CH,CH,CH,NH, [> CH,CH,CH,CNH, > CH,CH,CH,COH 
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The desired reaction scheme is therefore 


O 
1. SOCI, | Br, 
CH;CH,CH,COjH -— ur CH,CH,CH,CNH, monon” CH,CH,CH,NH, 
Butanoic acid Butanamide 


1-Propanamine 


20.22 (а) Ethanenitrile has the same number of carbon atoms as ethyl alcohol. This suggests a reaction 
scheme proceeding via an amide. 


О 
|| PO, 
CH,CH,OH CH,CNH, ———— CH,C=N 
Ethyl alcohol Acetamide Ethanenitrile 
The necessary amide is prepared from ethanol. 
Na,Cr,0,, H,O | 1. SOCI, | 
———————— 
CHjCHOH. оска СЫСОН =m + СОМ 
Ethyl alcohol Acetic acid Acetamide 


(b)  Propanenitrile may be prepared from ethyl alcohol by way of a nucleophilic substitution reac- 
tion of the corresponding bromide. 


PBr, NaCN 
CH,CH,OH  ————  CH,CH,Br CH,CH,CN 
or HBr 
Ethyl alcohol Ethyl bromide Propanenitrile 


20.23 Step 1: Protonation of the nitrile 


H 
Тыз A4 


RC—-N/ нео === RC=NH + H,O 


H 
Nitrile Hydronium Protonated Water 
ion form of nitrile 


Step 2: Nucleophilic addition of water 


NH 
.. et VA 
H,O: + RC=NH == RC 
NN” NE 
OH, 
Water Protonated Protonated form 
form of nitrile of imino acid 
Step 3: Deprotonation of imino acid 
NH NH 
2 „а 2 
RC ee — R + но 
+ 
Нон ОН 
Protonated form Water Imino acid Hydronium 


of imino acid ion 
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Steps 4 and 5: Proton transfers to give an amide 


OH H O-H H O H 
7 dd И 7 
ко + небе с + 305 RÓ + H—Of 
+ 
үн UR SNH, H NH, H 
Imino acid Hydronium Conjugate acid Water Amide Hydronium 
ion of amide ion 


20.24 Ketones may be prepared by the reaction of nitriles with Grignard reagents. Nucleophilic addition 
of a Grignard reagent to a nitrile produces an imine. The imine is not normally isolated, however, 
but is hydrolyzed to the corresponding ketone. Ethyl phenyl ketone may be prepared by the reaction 
of propanenitrile with a phenyl Grignard reagent such as phenylmagnesium bromide, followed by 
hydrolysis of the imine. 


NH O 
— Diethyl ether | H,O, Н? || 
CH,CH,C=N + CH,MgBr 291%, |C H;CCH,CH; — C,H,CCH,CH, 
Propanenitrile Phenylmagnesium Imine Ethyl phenyl ketone 
bromide (not isolated) 


20.25 (а) The halogen that is attached to the carbonyl group is identified in the name as a separate word 
following the name of the acyl group. 


m-Chlorobenzoyl 
bromide 


(b)  Trifluoroacetic anhydride is the anhydride of trifluoroacetic acid. Notice that it contains six 
fluorines. 


[| 
CF,COCCF, 


Trifluoroacetic 
anhydride 


(c) This compound is the cyclic anhydride of cis-1,2-cyclopropanedicarboxylic acid. 


HO,C CO,H ОР o^ 0 
cis-1,2-Cyclopropanedicarboxylic cis-1,2-Cyclopropanedicarboxylic 
acid anhydride 


(d) Ethyl cycloheptanecarboxylate is the ethyl ester of cycloheptanecarboxylic acid. 


О 
| 


|) босњењ 


Ethyl cycloheptanecarboxylate 
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(е) 


Cf) 


(g) 


(h) 


20.26 (а) 


(b) 


]-Phenylethyl acetate is the ester of 1-phenylethanol and acetic acid. 


]-Phenylethyl acetate 


2-Phenylethyl acetate is the ester of 2-phenylethanol and acetic acid. 
| 

снсосњењ— Y 

2-Phenylethyl acetate 


The parent compound in this case is benzamide. p-Ethylbenzamide has an ethyl substituent at 
the ring position para to the carbonyl group. 


| 
снсн,—{ См, 
p-Ethylbenzamide 


The parent compound is benzamide. In N-ethylbenzamide the ethyl substituent is bonded to 
nitrogen. 


O 
NIHU. 
N-Ethylbenzamide 
Nitriles are named by adding the suffix -nitrile to the name of the alkane having the same 
number of carbons. Numbering begins at the nitrile carbon. 
ён ён, ниб 
М 
2-Methylhexanenitrile 


This compound, with a bromine substituent attached to its carbonyl group, is named as an acyl 
bromide. It is 3-chlorobutanoyl bromide. 


| 
сао 
CI 


3-Chlorobutanoyl 
bromide 


The group attached to oxygen, in this case benzyl, is identified first in the name of the ester. 
This compound is the benzyl ester of acetic acid. 


О 
| 


cuoc \ 


Benzyl acetate 
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(c) 


(d) 


(e) 


(f) 


(g) 


(h) 


CARBOXYLIC ACID DERIVATIVES: NUCLEOPHILIC ACYL SUBSTITUTION 


The group attached to oxygen is methyl; this compound is the methyl ester of phenylacetic 


acid. 
| 
cuoco y 


Methyl phenylacetate 


NI 


This compound contains the functional group —-COC— and thus is an anhydride of a car- 
boxylic acid. We name the acid, in this case 3-chloropropanoic acid, drop the acid part of the 
name, and replace it by anhydride. 


NI 
CICH,CH,COCCH,CH,Cl1 
3-Chloropropanoic anhydride 
This compound is a cyclic anhydride, whose parent acid is 3,3-dimethylpentanedioic acid. 
O 
H,C 
Н.С 


О 


О 


3,3-Dimethylpentanedioic 
anhydride 


Nitriles are named by adding -nitrile to the name of the alkane having the same number of car- 
bons. Remember to count the carbon of the CN group. 
Е =н 
CH, 


4-Methylpentanenitrile 


This compound is an amide. We name the corresponding acid and then replace the -oic acid 
suffix by -amide. 


|| 
СВ СОН 
СН, 


4-Methylpentanamide 
This compound is the N-methyl derivative of 4-methylpentanamide. 
| 
CH,CHCH,CH,CNHCH, 


CH, 


N-Methyl-4-methylpentanamide 
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(i) The amide nitrogen bears two methyl groups. We designate this as an N,N-dimethyl amide. 


O 
КЕСЕНИН ДН: 
бн, 
N,N-Dimethyl-4-methylpentanamide 


20.27 (a) Acetyl chloride acts as an acyl transfer agent to the aromatic ring of bromobenzene. The reac- 
tion is a Friedel-Crafts acylation. Bromine is an ortho, para-directing substituent. 


Br Br 0 Вг 
5 | 
Ссн, 
| AICI, 
+ ca ——— + 
ССН 
o^ 7 
Bromobenzene Acetyl o-Bromoacetophenone p-Bromoacetophenone 
chloride 
(b) Acyl chlorides react with thiols to give thioesters. 
|| T 
CH,CCI + CH,CH,CH,CH,SH CH,CSCH,CH,CH,CH, 
Acetyl 1-Butanethiol S-Butyl ethanethioate 


chloride 


(c) Sodium propanoate acts as a nucleophile toward propanoyl chloride. The product is propanoic 


anhydride. 
|| || [| | 
а о CH,CH,COCCH,CH, 
Propanoate Propanoyl chloride Propanoic anhydride 
anion 
(d) Acyl chlorides convert alcohols to esters. 
| | 
CH,CH,CH,CCI + C,H,CH,OH CH,CH,CH,COCH,C,H; 
Butanoyl chloride Benzyl alcohol Benzyl butanoate 


(e) Acyl chlorides react with ammonia to yield amides. 


j | 
at Уса + NH, a ён, 


p-Chlorobenzoyl chloride Ammonia p-Chlorobenzamide 
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(f) The starting material is a cyclic anhydride. Acid anhydrides react with water to yield two car- 
boxylic acid functions; when the anhydride is cyclic, a dicarboxylic acid results. 


|| 
"TET o tH HOCCH,CH,COH 
О 
Succinic anhydride Water Succinic acid 


(e) In dilute sodium hydroxide the anhydride is converted to the disodium salt of the diacid. 


О 
T | | 
“ о + 2№0н Ма“ ~OCCH,CH,CO™ Ма“ 
О 
Succinic anhydride Sodium Sodium succinate 


hydroxide 


(h) One of the carbonyl groups of the cyclic anhydride is converted to an amide function on reac- 
tion with ammonia. The other, the one that would become a carboxylic acid group, is con- 
verted to an ammonium carboxylate salt. 


О 

но + | | 
oA So + 2NH, NH, ~OCCH,CH,CNH, 
Succinic anhydride Ammonia Ammonium succinamate 


(i) Acid anhydrides are used as acylating agents in Friedel-Crafts reactions. 


ысы] 
CCH,CH,COH 

А OCF 

О ®0 


Succinic anhydride Benzene 3-Benzoylpropanoic acid 


(j) The reactant is maleic anhydride; it is a good dienophile in Diels—Alder reactions. 


CH, О CH, о 
2 
+ [o — о 
Su. 
О 
1,3-Pentadiene Maleic anhydride 3-Methylcyclohexene-4,5- 
dicarboxylic anhydride 


(k) Acid anhydrides react with alcohols to give an ester and a carboxylic acid. 


NI 


CH,COCCH, + CH,CH,CHCH,CH, CH,CH,CHCH,CH, + CH,CO,H 


| | 
OH oe 


Acetic anhydride 3-Pentanol 1-Ethylpropyl acetate Acetic acid 
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(|) The starting material is a cyclic ester, a lactone. Esters undergo saponification in aqueous base 
to give an alcohol and a carboxylate salt. 


о || 
ee + NaOH — HOCH,CH,CH,CO™ Na* 
О 


4-Butanolide Sodium Sodium 4-hydroxybutanoate 
hydroxide 


(m) Ammonia reacts with esters to give an amide and an alcohol. 


O 
но || 
o * NH HOCH,CH,CH,CNH, 
О 
4-Butanolide Ammonia 4-Hydroxybutanamide 


(n) Lithium aluminum hydride reduces esters to two alcohols; the one derived from the acyl group 
is a primary alcohol. Reduction of a cyclic ester gives a diol. 


(је 1. LiAIH, 
5 О — но 7 HOCH,CH,CH,CH,OH 


4-Butanolide 1,4-Butanediol 


(о) Grignard reagents react with esters to give tertiary alcohols. 


OH 
І. 2CH;MgBr | 
" о ње ^ ey ete 
CH, 
4-Butanolide 4-Methyl-1,4-pentanediol 


(p) Inthis reaction methylamine acts as a nucleophile toward the carbonyl group of the ester. The 
product is an amide. 


" || || 
CH,NH, + C,H,CH,COCH,CH, C,H,CH,CNHCH, + CH,CH,OH 


Methylamine Ethyl phenylacetate N-Methylphenylacetamide Ethyl alcohol 


(а) The starting material is a lactam, a cyclic amide. Amides are hydrolyzed in base to amines and 
carboxylate salts. 


О 
но (је 
o + NaOH CH,NHCH,CH,CH,CO™ Ма“ 
\ 
CH, 
N-Methylpyrrolidone Sodium Sodium 4-(methylamino)butanoate 


hydroxide 
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(r) In acid solution amides yield carboxylic acids and ammonium salts. 


4 || 
Be o + mO CH,NCH,CH,CH,COH 
N | 
| H 
CH, 
N-Methylpyrrolidone Hydronium 4-(Methylammonio)butanoic 
ion acid 


(s)  Thestarting material is a cyclic imide. Both its amide bonds are cleaved by nucleophilic attack 


by hydroxide ion. 
О 
Ж, а] ioe 
a о + 2№0н Ма“ ~OCCH,CH,CO™ Ма“ + СН.МН, 
М 
CH, 
N-Methylsuccinimide Sodium Disodium succinate Methylamine 


hydroxide 


(f) In acid the imide undergoes cleavage to give a dicarboxylic acid and the conjugate acid of 


methylamine. 
| f n es: 
oet e go PELO ae Но! HOCCH,CH,COH + CH,NH, Cl 
| 
CH, 
N-Methylsuccinimide Water Hydrogen Succinic acid Methylammonium 


chloride chloride 
(и) Acetanilide is hydrolyzed in acid to acetic acid and the conjugate acid of aniline. 
| 


|| 
C,H,NHCCH, + H,O + на C,H,NH, CI- + CH,COH 


Acetanilide Water Hydrogen Anilinium Acetic acid 
chloride chloride 


(v) This is another example of amide hydrolysis. 


|| || 
C,H;CNHCH, + H,O + HSO, C,H,COH + CH,NH, HSO,” 


N-Methylbenzamide Water Sulfuric acid Benzoic Methylammonium 
acid hydrogen sulfate 


(w) One way to prepare nitriles is by dehydration of amides. 
O 
|| 


P4010 == 
CNH, ——— CEN + H,O 


Cyclopentanecarboxamide Cyclopentyl cyanide 
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(x)  Nitriles are hydrolyzed to carboxylic acids in acidic media. 


НСІ, H,O 
heat 


|| 
(CH,),CHCH,C=N (CH,),CHCH,COH 
3-Methylbutanenitrile 3-Methylbutanoic acid 


(y) Nitriles are hydrolyzed in aqueous base to salts of carboxylic acids. 


О 
NaOH, ЊО | 
cH,o— y с=м DER. сњо со Na* + NH, 


p-Methoxybenzonitrile Sodium p-methoxybenzoate Ammonia 


(z) Grignard reagents react with nitriles to yield ketones after addition of aqueous acid. 


О 

1. CH,MgBr | 
CH,CH,C=N тос” CH,CH,CCH, 
Propanenitrile 2-Butanone 


(aa) Amides undergo the Hofmann rearrangement on reaction with bromine and base. A methyl 
carbamate is the product isolated when the reaction is carried out in methanol. 


Н.С CH, H,C CH, 
NaOCH, 
+ Bn  снон 
075 NHCOCH, 
NH, " 


(bb) Saponification of the carbamate in part (aa) gives the corresponding amine. 


H,C CH, H,C CH, 


мн OCH, ХН, 


20.28 (а) Acetyl chloride is prepared by reaction of acetic acid with thionyl chloride. The first task then 
is to prepare acetic acid by oxidation of ethanol. 


K,Cr,0,, H,SO, | 5081, | 
CH,CHOH =. CH,COH ———. chca 
2 
Ethanol Acetic acid Acetyl chloride 


(b) Acetic acid and acetyl chloride, available from part (a), can be combined to form acetic 
anhydride. 
| | | | 
CH,COH + СН.СЦ 


CH,COCCH, + HCl 


Acetic acid Acetyl chloride Acetic anhydride Hydrogen 
chloride 
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(c) 


(d) 


(e) 


(f) 
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Ethanol can be converted to ethyl acetate by reaction with acetic acid, acetyl chloride, or 
acetic anhydride from parts (a) and (5). 


О 
|| " || 
CH,CH,OH + CH,COH H CH,COCH,CH, + H,O 
Ethanol Acetic acid Ethyl acetate Water 
or 
| pyridine | 
CH,CH,OH + сњса 2". CH,COCH,CH, 
Ethanol Acetyl chloride Ethyl acetate 
or 
OO О 
| pyridine | 


CH,CH,OH + CH,COCCH, = | СЊСОСЊСН, 
Ethanol Acetic anhydride Ethyl acetate 
Ethyl bromoacetate is the ethyl ester of bromoacetic acid; thus the first task is to prepare the 


acid. We use the acetic acid prepared in part (a), converting it to bromoacetic acid by the 
Hell-Volhard-Zelinsky reaction. 


CH,CH,OH | 


CH,CO,H > BrCH,CO,H == — BrCH;COCH;CH, 
Acetic acid Bromoacetic acid Ethyl bromoacetate 


Alternatively, bromoacetic acid could be converted to the corresponding acyl chloride, then 
treated with ethanol. It would be incorrect to try to brominate ethyl acetate; the Hell- 
Volhard-Zelinsky method requires an acid as starting material, not an ester. 

The alcohol BrCH,CH,OH, needed in order to prepare 2-bromoethyl acetate, is prepared from 
ethanol by way of ethylene. 


Н,80 Br 
CH,CH,OH — CH,—CH, О BrCH,CH,OH 
Ethanol Ethylene 2-Bromoethanol 
Then 
ЈИ ? 
CH,COCCH, | 
BrCH,CH,OH ————» CH,COCH,CH,Br 


О 
| 


2-Bromoethanol 2-Bromoethyl acetate 


CH,CCI 
Ethyl cyanoacetate may be prepared from the ethyl bromoacetate obtained in part (d). The 


bromide may be displaced by cyanide in a nucleophilic substitution reaction. 


|| | | 
BrCH,COCH,;CH, —\S—> N==CCH,COCH,CH; 


Ethyl bromoacetate Ethyl cyanoacetate 
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(g) 


(h) 


(0 


20.29 (а) 


(р) 


559 


Reaction of the acetyl chloride prepared in part (а) or ће acetic anhydride from part (р) with 


ammonia gives acetamide. 


О оо 
|| || NH, | 
CH,CCl ог | CH,COCCH, CH,CNH, 
Acetyl Acetic Acetamide 
chloride anhydride 


Methylamine may be prepared from acetamide by a Hofmann rearrangement. 


| 
CH,CNH, 


Acetamide 


Вг, НО“, H,O 
— — > CH,NH, 


Methylamine 


[prepared as in part (g)] 


The desired hydroxy acid is available from hydrolysis of the corresponding cyanohydrin, 
which may be prepared by reaction of the appropriate aldehyde with cyanide ion. 


| 
CH,CHCOH [> 


PCC 
CH,CHOH аст 
Ethanol 
ПИСАР 
OH 


2-Hydroxypropanenitrile 


Acetaldehyde 


| 
СОСЕ > CH,CH 


OH 


| je 
CHCH 9  CHCHC=N 


2-Hydroxypropanenitrile 


H,O, H*, heat | 
a п 


1. НО", H,O, heat 
y OH 


2.H 
2-Hydroxypropanoic 
acid 


Benzoyl chloride is made from benzoic acid. Oxidize toluene to benzoic acid, and then treat 


with thionyl chloride. 


K,Cr,0,, Њ80, 


CsH;CH, H,O, heat 


Toluene 


| SOCI, || 
C,H,;COH C,H,CCI 
Benzoic acid Benzoyl 
chloride 


Benzoyl chloride and benzoic acid, both prepared from toluene in part (a), react with each 


other to give benzoic anhydride. 


О 
| 


C,H,COH + снесе! 


Benzoic acid 


Benzoyl 


| NI 


CH,COCC,H, 


Benzoic anhydride 


chloride 
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(c) 


(d) 


(e) 


Cf) 
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Benzoic acid, benzoyl chloride, and benzoic anhydride have been prepared in parts (a) and (b) 
of this problem. Any of them could be converted to benzyl benzoate on reaction with benzyl 
alcohol. Thus the synthesis of benzyl benzoate requires the preparation of benzyl alcohol from 
toluene. This is effected by a nucleophilic substitution reaction of benzyl bromide, in turn pre- 
pared by halogenation of toluene. 


N-bromosuccinimide (NBS) H,O 


C4H,CHjBr —5- 


CH,CH, C,H,CH,OH 


or Br,, light 


Toluene Benzyl bromide Benzyl alcohol 


Alternatively, recall that primary alcohols may be obtained by reduction of the corresponding 
carboxylic acid. 


О 
| 1. LiAIH, 
CHLCOW о C,H,CH,OH 
Benzoic acid Benzyl alcohol 
Then 
О 
| pyridine | 
C,H.CCl + C,H,CH,OH “+ C.H.COCH,C,H; 
Benzoyl Benzyl alcohol Benzyl benzoate 
chloride 


Benzamide is prepared by reaction of ammonia with either benzoyl chloride from part (a) or 
benzoic anhydride from part (5). 


О 
| | NH, || 
сењса ог  C4H,COCCH, C,H,CNH, 
Benzoyl Benzoic anhydride Benzamide 


chloride 


Benzonitrile may be prepared by dehydration of benzamide. 


P4010 
heat 


|| 
C H,CNH, C,H,C=N 


Benzamide Benzonitrile 
Benzyl cyanide is the product of nucleophilic substitution by cyanide ion on benzyl bromide 


or benzyl chloride. The benzyl halides are prepared by free-radical halogenation of the toluene 
side chain. 


C,H,CH = C,H,CH,C] —““— с,н,сн,с=м 
6115113 light or otis Thy 6s Thy — 
heat 
Toluene Benzyl chloride Benzyl cyanide 
or 
NBS NaCN — 
CHCH, =... °° QQHCHBO oc» (ULOHCSN 
light 


Toluene Benzyl bromide Benzyl cyanide 
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(g) Hydrolysis of benzyl cyanide yields phenylacetic acid. 


H,O, Н?, heat | 
C,H,CH,C=N >” C,H;CH,COH 
1. NaOH, heat 
2.H* 
Benzyl cyanide Phenylacetic acid 


Alternatively, the Grignard reagent derived from benzyl bromide may be carboxylated. 


О 
Mg 1. CO, || 
CH,CH,Br завива” CH,CH,MeBr — po” СеН:СН,СОН 
Benzyl bromide Benzylmagnesium Phenylacetic acid 
bromide 


(h) The first goal is to synthesize p-nitrobenzoic acid because this may be readily converted to the 
desired acyl chloride. First convert toluene to p-nitrotoluene; then oxidize. Nitration must pre- 
cede oxidation of the side chain in order to achieve the desired para orientation. 


O 
/ \ HNO, K,Cr,0,, H5SO, | 
> 
Bu c е ON GH; "dae c ON COH 
Toluene p-Nitrotoluene p-Nitrobenzoic acid 


(separate from ortho isomer) 


Treatment of p-nitrobenzoic acid with thionyl chloride yields p-nitrobenzoyl chloride. 


p-Nitrobenzoic acid p-Nitrobenzoyl chloride 


(i) In order to achieve the correct orientation in m-nitrobenzoyl chloride, oxidation of the methyl 
group must precede nitration. 


ON 
f \ K,Cr,0,, H,SO, HNO, 
————— 
CH; Њ,О, heat T CO;H H,SO, CO,H 
Toluene Benzoic acid m-Nitrobenzoic acid 


Once m-nitrobenzoic acid has been prepared, it may be converted to the corresponding acyl 
chloride. 


ON К ON 


SOCL, || 


| 
COH CCl 


m-Nitrobenzoic acid m-Nitrobenzoyl chloride 


562 CARBOXYLIC ACID DERIVATIVES: NUCLEOPHILIC ACYL SUBSTITUTION 


(j) AHofmann rearrangement of benzamide affords aniline. 


O 
| HO- 
CNH, + Br, о NH, 
Benzamide Bromine Aniline 


[prepared as in part (d)] 


О 
20.30 The problem specifies that rene ace is to be prepared from '8O-labeled ethyl alcohol 
(Ө = 30). 
О 
ci ci са + CH,CH,@H s ceci: 
Propanoyl Ethyl alcohol Ethyl propanoate 


chloride 


Thus, we need to prepare '*O-labeled ethyl alcohol from the other designated starting materials, 
acetaldehyde and !*O-enriched water. First, replace the oxygen of acetaldehyde with O by the 
hydration-dehydration equilibrium in the presence of '*O-enriched water. 


|| T | 
CHCH + ње === МА ——— CHCH + HO 
@H 
Acetaldehyde !80-епгісһей Hydrate of '80-enriched Water 
water acetaldehyde acetaldehyde 


Once '8O-enriched acetaldehyde has been obtained, it can be reduced to '8O-enriched ethanol. 


| NaBH,, CH,OH 
— o 
r 


CH,CH CH,CH,@H 


1. LiAlH, 
2. H,O 


20.31 (а) The rate-determining step in basic ester hydrolysis is nucleophilic addition of hydroxide ion 
to the carbonyl group. The intermediate formed in this step is negatively charged. 


5 
Н OGH,CH, + но- CHI COUR CH, 
бн 
Ethyl acetate Hydroxide Rate-determining 
ion intermediate 


The electron-withdrawing effect of a CF, group stabilizes the intermediate formed in the rate- 
determining step of ethyl trifluoroacetate saponification. 


O од 
OB сет + но Ване 
бн 
Ethyl trifluoroacetate Hydroxide Rate-determining 
ion intermediate 


Because the intermediate is more stable, it is formed faster than the one from ethyl acetate. 
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(b) Crowding is increased as the transition state for nucleophilic addition to the carbonyl group is 
approached. The carbonyl carbon undergoes a change in hybridization from sp? to sp?. 


sp? — 53 

сњо “У CH, O 
mia | | 

бы ООВ + СОН и 


CH, CH, OH 
Ethyl 2,2-dimethylpropanoate Hydroxide Rate-determining intermediate; 
ion crowded 


The tert-butyl group of ethyl 2,2-dimethylpropanoate causes more crowding than the methyl 
group of ethyl acetate; the rate-determining intermediate is less stable and is formed more 
slowly. 

(с) We see here another example of a steric effect of a tert-butyl group. The intermediate formed 
when hydroxide ion adds to the carbonyl group of tert-butyl acetate is more crowded and less 
stable than the corresponding intermediate formed from methyl acetate. 


O CH, о" CH, 
CH,COCCH, + НО” d doce 
бн, но CH, 
tert-Butyl acetate Hydroxide Rate-determining 
ion intermediate; crowded 
О од 
а coo + HO ee 
но 
Methyl acetate Hydroxide Rate-determining intermediate; 
ion less crowded than intermediate 


from tert-butyl acetate 


(d) Here, as in part (a), we have an electron-withdrawing substituent increasing the rate of ester 
saponification. It does so by stabilizing the negatively charged intermediate formed in the 
rate-determining step. 


T ip 
з more stable than ee 
e OH OH 
ON 
Or 
Rate-determining intermediate Rate-determining intermediate 
from methyl m-nitrobenzoate from methyl benzoate 


(e) Addition of hydroxide to 4-butanolide introduces torsional strain in the intermediate because 
of eclipsed bonds. The corresponding intermediate from 5-butanolide is more stable because 
the bonds are staggered in a six-membered ring. 


H H 
«H ; 
\ Eclipsed Н | Staggered 
О bonds О ОН bonds 
Oo 5 E 
OH Ó 
Less stable; More stable; 


formed more slowly formed faster 
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(f) Steric crowding increases more when hydroxide adds to the axial carbonyl group. 


О OH 
№0 
\ P 
OCH,CH, E и CC-OCH;CH, 
OH 
Cis diastereomer: greater increase in crowding Trans diastereomer: smaller increase in crowding 
when carbon changes from sp? to sp?; when carbon changes from sp? to sp?; 
formed more slowly formed more rapidly 


20.32 Compound A is the p-toluenesulfonate ester (tosylate) of trans-4-tert-butylcyclohexanol. The 
oxygen atom of the alcohol attacks the sulfur of p-toluenesulfonyl chloride, and so the reaction 
proceeds with retention of configuration. 


MI || 
uc ӨН as / Мсн - оз—( \—on, 
| | 
О О 
trans-4-tert-Butylcyclohexanol p-Toluenesulfonyl chloride trans-A-tert-Butylcyclohexyl 


p-toluenesulfonate (compound A) 


The second step is a nucleophilic substitution in which benzoate ion displaces p-toluenesulfonate 
with inversion of configuration. 


Benzoate ion trans-A-tert-Butylcyclohexyl cis-4-tert-Butylcyclohexyl 
p-toluenesulfonate (compound A) benzoate (compound B) 


Saponification of cis-4-tert-butylcyclohexy] benzoate in step З proceeds with acyl-oxygen cleav- 
age to give cis-4-tert-butylcyclohexanol. 


20.33 Reaction of ethyl trifluoroacetate with ammonia yields the corresponding amide, compound A. Com- 
pound A undergoes dehydration on heating with P,O,, to give trifluoroacetonitrile, compound B. 
Grignard reagents react with nitriles to form ketones. fert-Butyl trifluoromethyl ketone is formed 
from trifluoroacetonitrile by treatment with fert-butylmagnesium chloride followed by aqueous 


hydrolysis. 
О О 
| ji | А 2 
CF,COCH,CH, CF,CNH, E CF,C=N 
Ethy] trifluoroacetate Trifluoroacetamide Trifluoroacetonitrile 
(compound A) (compound B) 
О 
1. diethyl ether | 
CF,C=N + (CH,),CMgCl 2 CF,CC(CH,), 
НУ 
Compound В tert-Butylmagnesium tert-Butyl trifluoromethyl 


chloride ketone 
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20.34 The first step is acid hydrolysis of an acetal protecting group. 
Step 1: 


H,O, Н“ 


Compound A em 


|| 
ВСВ 


НО ОН 


Compound В 
(C, H350;) 


All three alcohol functions are converted to bromide by reaction with hydrogen bromide in step 2. 


Step 2: 


|| 
Compound В НВг НОСНОЈ CH(CH CHB? 
Br Br 
Compound C 


(C, H5BrO;) 


Reaction with ethanol in the presence of an acid catalyst converts the carboxylic acid to its ethyl 
ester in step 3. 


Step 3: 


ethanol | 


Compound C50, САОН а CB: 


Br Br 


Compound D 
(C,sH33Br,0,) 


The problem hint points out that zinc converts vicinal dibromides to alkenes. Of the three bromine 
substituents in compound D, two of them are vicinal. Step 4 is a dehalogenation reaction. 


Step 4: 


Zn 
ethanol 


|| 
Compound D CH,CH,OC(CH,),CH—CH(CH,),CH,Br 


Compound E 
(C,sH33BrO,) 


Step 5 is a nucleophilic substitution of the S42 type. Acetate ion is the nucleophile and displaces 
bromide from the primary carbon. 


Step 5: 
1 О О 
NaOCCH, || || 
Compound Е CH,CO,H CH,CH,OC(CH,);CH=CH(CH,),CH,OCCH, 


Compound F 
(Cy 9H 3604) 
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Step 6 is ester saponification. It yields a 16-carbon chain having a carboxylic acid function at one 
end and an alcohol at the other. 


Step 6: 
| 
HOC(CH,);CH==CH(CH,),CH,OH 


1. KOH, ethanol 


Compound F m 
2.H 


Compound G 
(СН О) 


In step 7, compound G cyclizes to ambrettolide on heating. 


Step 7: 
НОС 
но 02 “0 


Compound С Ambrettolide 


20.35 (а) This step requires the oxidation of a primary alcohol to an aldehyde. As reported in the litera- 
ture, pyridinium dichromate in dichloromethane was used to give the desired aldehyde in 84% 


yield. 
О 
HOCH,CH=CH(CH,),CO,CH, Sarat а 
Compound А Compound В 


| 
(b) Conversion of — CH to —СН==СН, is a typical case in which а Wittig reaction is 
appropriate. 


| (CH;),P—CH, 
HCCH—CH(CH,,CO,CH, 5999 75, H c—CHCH—CH(CH,,CO.CH, 


Compound B Compound C 
(observed yield, 5396) 


(c) Lithium aluminum hydride was used to reduce the ester to a primary alcohol in 8146 yield. 


1. LiAIH, 


H,C—CHCH--CH(CHj;CO;CH; но 


H,C=CHCH=CH(CH,),CH,OH 


Compound C Compound D 


(d) The desired sex pheromone is the acetate ester of compound D. Compound D was treated with 
acetic anhydride to give the acetate ester in 99% yield. 


it о 
CH,COCCH, | 
H,C=CHCH=CH(CH,),CH,OH <=” | Hj,C=CHCH=CH(CH,);CH,OCCH, 
Compound D (E)-9,11-Dodecadien-1-yl acetate 


Acetyl chloride could have been used in this step instead of acetic anhydride. 


20.36 (a) The reaction given in the problem is between a lactone (cyclic ester) and a difunctional 
Grignard reagent. Esters usually react with 2 moles of a Grignard reagent; in this instance 
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both Grignard functions of the reagent attack the lactone. The second attack is intramolecu- 
lar, giving rise to the cyclopentanol ring of the product. 


+ .. 
[СЫ каш. CH,CH,CH,CH,MgBr_ ——— (о cn MgBr 
О үр тт 


Oo uU 


4-Butanolide 


1-(3-Hydroxypropyl)- 
cyclopentanol (88%) 


(b) An intramolecular acyl transfer process takes place in this reaction. The amine group in the 


thiolactone starting material replaces sulfur on the acyl group to form a lactam (cyclic 
amide). 


HS 


N О 
\ 
H 


Thiolactone Tetrahedral Lactam 
intermediate 


20.37 (a) Acyl chlorides react with alcohols to form esters. 


O O O 
| | pyridine | 
CH,0 ССІ + "n — ССН 


ОН О 
p-Methoxybenzoyl Benzoin C=O 
chloride 
di 
SS 
OCH, 


Benzoin p-methoxybenzoate 
(compound A; 95%) 
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(b) Of the two carbonyl groups in the starting material, the ketone carbonyl is more reactive than 
the ester. (The ester carbonyl is stabilized by electron release from oxygen.) 


O О СН, О 
| CH,Mgl | | 
СН,ССН,СН,СОСН,СН; пд канш 
OMgI 


Compound В has the molecular formula C;H,,O,. The initial product forms a cyclic ester 
(lactone), with elimination of ethoxide ion. 


CH 
por 
CH,C CH; | 
| [ grs | в + CH,CH,O 
" о” COCH,CH, HLE 
Compound B 


(c) Only carboxyl groups that are ortho to each other on a benzene ring are capable of forming a 


cyclic anhydride. 
| О 
СОН 
LX tet, O + H,O 
HOC COH HOC 
| | | O 


Compound C 


(d) The primary amine can react with both acyl chloride groups of the starting material to give 
compound D. 


(КЕЕН 
| | М 

ас са о О 
/ 7 + CH,CH,CH,CH,NH, / \ 

Br $ Вг Вг $ Вг 


Compound D 


20.38 Compound A is an ester but has within it an amine function. Acyl transfer from oxygen to nitrogen 
converts the ester to a more stable amide. 


R 
R CH,CH CH,CH 
“< ^o R м | No A ссн CH,OH 
M 
SA HLO b 
Compound A Tetrahedral Compound B 
(Ar — p-nitrophenyl) intermediate (Ar — p-nitrophenyl) 


The tetrahedral intermediate is the key intermediate in the reaction. 
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20.39 (a) The rearrangement in this problem is an acyl transfer from nitrogen to oxygen. 


„ R x. R 


HO NH о МН 0. МН, 
та Z А 
АЕ но“ he o^ 
Compound A Tetrahedral Compound B 
(Ar — p-nitrophenyl) intermediate (Ar — p-nitrophenyl) 


This rearrangement takes place in the indicated direction because it is carried out in acid 
solution. The amino group is protonated in acid and is no longer nucleophilic. 

(b) The trans stereoisomer of compound A does not undergo rearrangement because when the 
oxygen and nitrogen atoms on the five-membered ring are trans, the necessary tetrahedral 
intermediate cannot form. 


20.40 The ester functions of a polymer such as poly(vinyl acetate) are just like ester functions of simple 
molecules; they can be cleaved by hydrolysis under either acidic or basic conditions. To prepare 
poly(vinyl alcohol), therefore, polymerize vinyl acetate to poly(vinyl acetate), and then cleave the 
ester groups by hydrolysis. 


|| но 
H,C=CHOCCH, СВ НОСЫ = 1 T 
o^ 
сњо Occ, " HO OH}, 
O O h 
Vinyl acetate Poly(vinyl acetate) Poly(vinyl alcohol) 


20.41 (a) Each propagation step involves addition of the free-radical species to the B-carbon of a mole- 
cule of methyl methacrylate. 


CO,CH, о сосн, сон, 
ROCH,—C.— нАЗСССосн, косн,———Сн,—6 
CH, CH, CH, CH, 
сосн, CO.CH, о сосн, сон, согсњ, 
^ ну ROCH,—C—CH,—C—CH,—C: 


аа йо + н оро | : : 
CH, CH, CH, CH, CH, CH, 


(b)  Thecorrect carbon skeleton can be constructed by treating acetone with sodium cyanide in the 
presence of H,SO, to give acetone cyanohydrin. 


О OH 
| H,50, | 
CH,CCH, + HCN ——— го 
CN 
Acetone Hydrogen Acetone 


cyanide cyanohydrin 
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Dehydration of the cyanohydrin followed by hydrolysis of the nitrile group and esterification 
of the resulting carboxylic acid yields methyl methacrylate. 


OH 
| Н,80, H,O, H* CH,OH, Н“ 
checi — HESTEN —— СЕ — ие 
CN CH, CH, CH, 
Acetone Methyl methacrylate 
cyanohydrin 


20.42 Thecompound contains nitrogen and exhibits a prominent peak in the infrared spectrum at 2270 cm '; 
it is likely to be a nitrile. Its molecular weight of 83 is consistent with the molecular formula СНОМ. 
The presence of four signals in the à 10 to 30-ppm region of the ^C NMR spectrum suggests ап 
unbranched carbon skeleton. This is confirmed by the presence of two triplets in the 'H NMR spec- 
trum at 6 1.0 ppm (CH, coupled with adjacent CH,) and at 6 2.3 ppm (CH,CN coupled with adjacent 


CH,). The compound is pentanenitrile. 


CH,CH,CH,CH,C=N 
Pentanenitrile 


20.43 The compound has the characteristic triplet-quartet pattern of an ethyl group in its ЇН NMR spec- 
trum. Because these signals correspond to 10 protons, there must be two equivalent ethyl groups in 
the molecule. The methylene quartet appears at relatively low field (6 4.1 ppm), which is consistent 
with ethyl groups bonded to oxygen, as in —OCH,CH,. There is a peak at 1730 ст! in the infrared 
spectrum, suggesting that these ethoxy groups reside in ester functions. The molecular formula 
С.Н, О, reveals that if two ester groups are present, there can be no rings or double bonds. The re- 
maining four hydrogens are equivalent in the 'H NMR spectrum, and so two equivalent CH, groups 
are present. The compound is the diethyl ester of succinic acid. 


| 
CH,CH,OCCH,CH,COCH,CH, 


Diethyl succinate 


20.44 Compound A (C,H,O,) has an index of hydrogen deficiency of 2. With two oxygen atoms and a 
peak in the infrared at 1760 ст ', it is likely that one of the elements of unsaturation is the 
carbon-oxygen double bond of an ester. The 'H NMR spectrum contains a three-proton singlet at 
6 2.1 ppm, which is consistent with a CH,C unit. It is likely that compound A is an acetate ester. 


| 
О 
The PC NMR spectrum reveals that the four carbon atoms of the molecule are contained in one 
each of the fragments СН», СН», and CH, along with the carbonyl carbon. In addition to the two car- 
bons of the acetate group, the remaining two carbons are the CH, and CH carbons of a vinyl group, 
CH—CH,. Compound A is vinyl acetate. 


6 20.2 ppm PS O 
2 
OH 6 96.8 ppm 
8 167.6 ppm OCH=CH, 
ô 141.8 ppm 


Each vinyl proton is coupled to two other vinyl protons; each appears as a doublet of doublets in the 
ІН NMR spectrum. 


20.45 Solutions to molecular modeling exercises аге not provided in this Study Guide and Solutions Man- 
ual. You should use Learning By Modeling for this exercise. 
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SELF-TEST 


PART A 


А-1. 


А-2. 


А-3. 


А-4. 


Give a correct IUPAC name for each of the following acid derivatives: 


O 


|| 
(а) CH,CH,CH,OCCH,CH,CH, 


|| 
(b  C,H,CNHCH, 


| 
(c) (CH;),CHCH,CH,CC1 


Provide the correct structure of 

(a) Benzoic anhydride 

(b) N-(1-Methylpropyl)acetamide 
(c) Phenyl benzoate 


What reagents are needed to carry out each of the following conversions? 


[ 
C,H,CH,CCI 


(a) CsH,CH,CO,H 
|| 
(b) (CH,),CCNH, (CH,),CNH, 
$ || 
(c) (CHj,CHCH,NH, C,H,CNHCH,CH(CH,), + СН.ОН 


Write the structure of the product of each of the following reactions: 


1. NaOH, H,O 


(a) Cyclohexyl acetate SUB ? (two products) 


(b) Cyclopentanol + benzoyl chloride Unde. 


О 
Н (cat) 
(с) O + CH,CH,OH ———— 2 
O 


(d) Ethyl propanoate + dimethylamine = ? (two products) 


О 
|| H,O, Н,50, 
(e) HC CNHCH, —-* ? (two products) 
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A-5. The following reaction occurs when the reactant is allowed to stand in pentane. Write the 
structure of the key intermediate in this process. 
|| 
C,H;COCH,CH,NHCH, CH4NCH,CH,OH 
C,H;C—O 
A-6. Give the correct structures, clearly showing stereochemistry, of each compound, A through 
D, in the following sequence of reactions: 
CO;H 
SOCI, NH, 
m mea cta 
"CH, 
Br, 
NaOH РО 
H,O heat 
C D 
(C;H,5N) (СН № 
A-7. Write the structure of the neutral form of the tetrahedral intermediate in the 
(a)  Acid-catalyzed hydrolysis of methyl acetate 
(b) Reaction of ammonia with acetic anhydride 
A-8. Write the steps necessary to prepare nc Ум, from њс-( Sar 
A-9. Outline a synthesis of benzyl benzoate using toluene as the source of all the carbon atoms. 
| 
Qa- 
Benzyl benzoate 
A-10. The infrared spectrum of a compound (C;H,CINO) has an intense peak at 1680 cm '. Its 
'H NMR spectrum consists of a doublet (ЗН, 8 1.5 ppm), a quartet (1H, 8 4.1 ppm), and a 
broad singlet (2H, 6 6.5 ppm). What is the structure of the compound? How would you pre- 
pare it from propanoic acid? 
PART B 
B-1. What are the products of the most favorable mode of decomposition of the intermediate 


species shown? 
OH 
Seon 
а 


(a)  Benzoic acid and HCl 

(b) Benzoyl chloride and H,O 

(c) Both (a) and (b) equally likely 
(d) Neither (a) nor (b) 
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B-2. 


B-4. 


B-5. 


What is the correct IUPAC name for the compound shown? 


| 
(J -CH.CH.CHCH,OCCH,CH.Br 


CI 


(a)  3-Bromopropyl 2-chloro-4-butylbutanoate 

(b) 2-Chloro-4-phenylbutyl 3-bromopropanoate 
(c) 3-Chloro-1-phenylbutyl 1-bromopropanoate 
(d) 3-Chloro-1-phenylbutyl 3-bromopropanoate 
(e)  7T-Bromo-3-chloro-1-phenylbutyl propanoate 


Rank the following in order of increasing reactivity (least — most) toward acid hydrolysis: 


|| 
CH,COCH,CH, 


1 


(à) 1<2<3 
Oy 3<1<2 


The structure of N-propylacetamide is 
| 
(a) CH,CH,CNHCH, 


| 
(b CH,CN(CH,CH,CH,), 


| | 
CH,CC] — CH,CNHCH, 


2 3 
(O 1<3<2 
(dj 2<1<3 


| 
(© CH,CNHCH,CH,CH, 


(d) CH,CH=NCH,CH,CH, 


Choose the response that matches the correct functional group classification with the fol- 


lowing group of structural formulas. 


(a) Anhydride 
(b) Lactam 
(c) иде 

(d) Imide 


H 
Lactam Lactone 
Imide Lactone 
Lactone Anhydride 
Lactam Lactone 


Choose the best sequence of reactions for the transformation given. Semicolons indicate 
separate reaction steps to be used in the order shown. 


нс-( соси, 


(a) H40*; SOCL; СН.МН, 


О 
|| 


нс—{ \ сњсхнсн, 


(b | HO /H5O; PBr,; Mg; CO,; H,0*; SOCL; CH,NH, 
(c) АН); ЊО; НВг; Mg; CO,; H,0*; SOCL; CH4NH, 
(d) None of these would yield the desired product. 
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В-7. А key step in the hydrolysis of acetamide in aqueous acid proceeds by nucleophilic addi- 


tion of 
| T 
(a) Кој to CH,CNH, (d) H,O to CH,CNH, 
ү" чүн 
(b) H4O* to CH,CNH, (e) HO to CH,CNH, 


| 
(с) HO to CH,CNH, 


B-8. Which reaction is not possible for acetic anhydride? 
| | 
(a) (CH4C5,0 + 2НМ(СН,), 


+ 


CH,CN(CH,), + CH,CO,~ HN(CH,), 


| 
(b (CH,C),0 + CH,CH,OH 


CH,CO,CH,CH, + CH,CO,H 


О 
| AIC, || 
(c) (CH,C),0 +CH, ———  CH,CC.H, + CH,CO,H 


| 
CH,CCI + CH,CO,~ Ма“ 


[ 
(d) (CH,C),O + NaCl 


B-9. All but one of the following compounds react with aniline to give acetanilide. Which one 


does not? 
| 
To { У мнссн, 


Aniline Acetanilide 


jo. la сера i 
CH,CCl CHCH нс“ `0 “сн, ic чага 
(а) (b) (c) (d) 
| 
(е) 


B-10. Identify product 2 in the following reaction sequence: 


1. CCH,MgBr, 
NaCN diethyl ether 
Ye, 


H,C=CHCH,Br uum 
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О 
|| || 

(a) H,C=CHCH,CC,H, (d) H,C=CHCH,NHCC,H, 
OH NH, 

(b) H,C=CHCH,CHC,H, (e) H,C=CHCH,CHC,H, 


| 
(c) H,C—CHCH,CNHCH, 


B-11. Which of the following best describes the nucleophilic addition step in the acid-catalyzed 
hydrolysis of acetonitrile (CH4CN)? 


5 
(à НСС (о H,C—CÓNH © нес 


H^ H^ Hf “н 
CN С 
(b) i 2 (d) id 
u^ ^g u^ ^g 


B-12. Saponification (basic hydrolysis) of CCH,COCH, will yield: [Ө = mass-18 isotope of 


oxygen] y 
(а) CH; T + HOCH, (d) CH, r + HOCH, 
on 
(b) CoHCO” + HOCH, (e) ee 
O OCH, 


(c) CACO” + HOCH, 
@ 


B-13. An unknown compound, СУН О», did not dissolve in aqueous NaOH. The infrared spectrum 
exhibited strong absorption at 1730 cm '. The 'H NMR spectrum had signals at 7.2 ppm 
(multiplet), 4.1 ppm (quartet), and 1.3 ppm (triplet). Which of the following is most likely 
the unknown? 
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5d gt 


CH,CH, 
(a) (b) (c) (d) (e) 


CHAPTER 21 
ESTER ENOLATES 


SOLUTIONS TO TEXT PROBLEMS 


21.1 Ethyl benzoate cannot undergo the Claisen condensation, because it has no protons on its a-carbon 
atom and so cannot form an enolate. Ethyl pentanoate and ethyl phenylacetate can undergo the 


Claisen condensation. 


| 1. NaOCH,CH, Ж 
2CH,CH,CH,CH,COCH,CH, CH,CH,CH,CH,CCHCOCH,CH, 


2.H,0* 
CH,CH,CH, 
Ethyl pentanoate Ethyl 3-oxo-2-propylheptanoate 

О О 

|| 1. NaOCH;CH; NE 

2CH,CH,COCH,CH, се” ынена 
“НУ 
СН; 
Ethyl phenylacetate Ethyl 3-oxo-2,4-diphenylbutanoate 


21.2 (b) The enolate formed by proton abstraction from the a-carbon atom of diethyl 4-methylhep- 
tanedioate cyclizes to form a six-membered -keto ester. 


О. ОСЊСН 
i EOS Ox „ОСН,СН, 
o || i 
|| NaOCH,CH, x | Ду О. 
ворнае ———-——^ сн,сн,0-С СН, —— 
| 
CH, cae _CHCH; CH, 
Diethyl 4-methylheptanedioate 2 Ethyl (5-methyl-2-oxocyclohexane)- 
carboxylate 


576 


ESTER ENOLATES 577 


(c) The two a carbons of this diester are not equivalent. Cyclization by attack of the enolate at 


C-2 gives 
O 
Q Q B 
|| || NaOCH,CH, | .CH,CH,OC 
CH,CH,OCCHCH,CH,CH,COCH,CH, == 
| H,C 
Н; 
Site of Enolate attacks Ethyl (1-methyl-2- 
carbanion this carbon. oxocyclopentane)- 
carboxylate 


This 8-keto ester cannot form a stable enolate by deprotonation. It is present in only small 
amounts at equilibrium. The major product is formed by way of the other enolate. 


„осн,сн, 
О==с 
| | NaOCH,CH, 
CH,CH,OCCHCH,CH,CH,COCH,CH, == 
Enolate сн, Site of CH, 
attacks carbanion 
this carbon. Ethyl (3-methyl-2- 
oxocyclopentane)- 
carboxylate 


This B-keto ester is converted to a stable enolate on deprotonation, causing the equilibrium to 
shift in its favor. 


21.3 (b) Both carbonyl groups of diethyl oxalate are equivalent. The enolate of ethyl phenylacetate 
attacks one of them. 


| T] i 
C,H,CHCOCH,CH, + CH,CH,Ó--CCOCH,CH, CeHsCHCCOCH,CH, 
5 „СОСН,СН, 


Diethyl 2-охо-3- 
phenylbutanedioate 


(c) The enolate of ethyl phenylacetate attacks the carbonyl group of ethyl formate. 


О [e О 
_ || | ~ || 
он ве оонев сен:снен 
: „СОСН,СН, 


Ethyl 3-oxo-2- 
phenylpropanoate 


21.4 In order for a five-membered ring to be formed, C-5 must be the carbanionic site that attacks the 
ester carbonyl. 


| О 


С 
H,C—CH~ “Сн, 
| RE EE. 
CH,CH,O. V „Сн, 
SOT CH,CH,O” \ - 
I5 :0: 
О 


Enolate of ethyl 
4-oxohexanoate 
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О Q 
Н.С Н.С + ~OCH,CH, 
47 
CH,CH,0° $) Ó 
2-Methyl-1,3- 


cyclopentanedione 


21.5 The desired ketone, cyclopentanone, is derived from the corresponding В-Кею ester. This key 
intermediate is obtained from a Dieckmann cyclization of the starting material, diethyl hexanedioate. 


О O 


| 
[co COCH,CH 
A A- ES ^ CH,CH,0,C(CH,),CO,CH,CH, 


First treat the diester with sodium ethoxide to effect the Dieckmann cyclization. 


О 
о О 


|| || 
| 1. NaOCH,CH, СОСЊСН, 
CH;CH,OCCH,CH,CH,CH,COCH,CH; =» i 
УРА 


Ethyl (2-oxocyclopentane)- 


Diethyl hexanedioate 
carboxylate 


Next convert the B-keto ester to the desired product by saponification and decarboxylation. 


О | О 
COCH,CH, 1. НОТ, H,O 
— 
2.H* 
3. heat 
Ethyl (2-oxocyclopentane)- Cyclopentanone 
carboxylate 


21.6 (b) Write a structural formula for the desired product; then disconnect a bond to the a-carbon 


atom. 
| ia | 
{_у—сьснссн, {У + :CH,CCH, 
X 
Required Derived from 
alkyl halide ethyl acetoacetate 
Therefore 
O O О 
| ll 1. NaOCH,CH, | 
CHBr + CH,CCH,COCH,CH, Siono” CH,CH,CCH, 
3.H* 
4. heat 


Benzyl bromide Ethyl acetoacetate 4-Phenyl-2-butanone 
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(c) The disconnection approach to retrosynthetic analysis reveals that the preparation of 5-hexen- 
2-one by the acetoacetic ester synthesis requires an allylic halide. 


О 
|| EN 
H,C=CHCH,+CH,CCH, » сып + :CH,CCH, 
x 
Required Derived from 
alkyl halide ethyl acetoacetate 


1. NaOCH,CH, 

H,C=CHCH,Br + CH,CCH,COCH,CH, трње“ HC=CHCH,CH,CCH, 
3.H* 
4. heat 


Allyl bromide Ethyl acetoacetate 5-Hexen-2-one 


| 
21.7 (b) Nonanoic acid has a СН,(СН,);СН;— unit attached to the CH,COH synthon. 


О 

| | 
CH,(CH,),CH, d-CH,COH > CH(CH,,CH,X + :CH,COH 
Required alkyl halide Derived from 


diethyl malonate 


Therefore the anion of diethyl malonate is alkylated with a 1-haloheptane. 
NaOCH,CH, 
CH,(CH,);CH,Br + CH,(COOCH,CH;), —mag ^ CH4CHj,CH;CH(COOCH,;CH,), 


1-Bromoheptane Diethyl malonate Diethyl 2-heptylmalonate 


1. НОТ, H,O 
2.H* 
3. heat 


CH,(CH,),CH,CH,CO,H 


Nonanoic acid 


(c) Disconnection of the target molecule adjacent to the a carbon reveals the alkyl halide needed 
to react with the enolate derived from diethyl malonate. 


|| Pen | 
ОНОН КО сон » онон + :CH,COH 
CH, CH, 


Required alkyl Derived from 
halide diethyl malonate 


ESTER ENOLATES 


580 


The necessary alkyl halide in this synthesis is 1-bromo-2-methylbutane. 


NaOCH,CH, 
CH,CH,CHCH,Br + CH(COOCH,CH), — > сени нон COOCH,CH), 


| 
CH, CH, 


1-Bromo-2-methylbutane Diethyl malonate Diethyl 2-(2-methylbutyl)malonate 


о, 
CH, 


4-Methylhexanoic acid 


Once again disconnection reveals the necessary halide, which is treated with diethyl malonate. 


(d) 


О 
|| _ || 
C,H,CH,+-CH,COH ^ GH,CHX + :CH,COH 


Required Derived from 
halide diethyl malonate 


Alkylation of diethyl malonate with benzyl bromide is the first step in the preparation of 
3-phenylpropanoic acid. 
О 
|| 


C,H,CH,Br + CH(COOCH,CH), 97878, CH,CH,CH(COOCH,CH), = a 2» CH,CH,CH,COH 


Benzyl bromide Diethyl malonate Diethyl 2-benzylmalonate ance 3-Phenylpropanoic acid 


21.8  Retrosynthetic analysis of the formation of 3-methyl-2-butanone is carried out in the same way as 


for other ketones. 


| ji 
CH,CCH+CH, [> CH,CCH + 2CH,X 


CH, 


Derived from 


3-Methyl-2-butanone 
ethyl acetoacetate 


(two disconnections as shown) 


The two alkylation steps are carried out sequentially. 
| ү 1. НОТ, H,O | 


NaOCH,CH | d 
—єси > CH,CCCOCH,CH, => _ CH,CCH(CH,), 


HC CH; 3-Methyl-2-butanone 


о о О 

|_| NaOCH,CH, || 

CH,CCH,COCH,CH, “сире” ол GER 
CH, 


Ethyl 
2-methyl-3-oxobutanoate 


Ethyl 


Ethyl acetoacetate 
2,2-dimethyl-3-oxobutanoate 
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21.9 Alkylation of ethyl acetoacetate with 1,4-dibromobutane gives a product that can cyclize to a five- 
membered ring. 


О 
|| NaOCH,CH, | 
CH,CCH,COCH,CH, + BrCH,CH,CH,CH,Br —————>+  BrCH,CH,CH,CH,CHCCH, 
Ethyl acetoacetate 1,4-Dibromobutane ó 2СОСН.СН, 
NaOCH,CH, 
О 
ССН 
| Gi. УКЕН 
ode, TX 
COCH,CH, H,C a COCH,CH, 
| “ан, | 
Ó EE. 
m 
Ethyl 1-acetylcyclopentane- 
carboxylate 


Saponification followed by decarboxylation gives cyclopentyl methyl ketone. 


| | 
ССН, 1. НО, H,O ССН, 
COCH,CH, 2H 
| 2 3 3. heat H 
О 
Ethyl 1-acetylcyclopentane- Cyclopentyl methyl 
carboxylate ketone 


21.10 The last step in the synthesis of pentobarbital is the reaction of the appropriately substituted deriva- 
tive of diethyl malonate with urea. 


CH О 
[^ | 6 Tow. Ж 
CH,CH,CH,CH, || COCH;CH, | CH,CH,CH,CH N 
AX + H,NCNH, )—0 
CH,CH/ ‘COCH,CH, CH,CH, N, 
| О 
О 
Diethyl 2-ethyl-2-(1-methylbutyl)malonate Urea Pentobarbital 


The dialkyl derivative of diethyl malonate is made in the usual way. It does not matter whether the 
ethyl group or the 1-methylbutyl group is introduced first. 


E 
Br 
| CH,CH,CH,CH 
1. NaOCH,CH;, CH;CH,CH,CHCH; 
CH(COOCIDOH, ксн ca. он спи: > C(COOCH,CH;), 
CH,CH; 


Diethyl malonate Diethyl 2-ethyl-2-(1-methylbutyl)malonate 
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21.11 The carbonyl oxygen at C-2 of pentobarbital is replaced by sulfur in Pentothal (thiopental). 


CH H CH H 

ж (^N Е, 
CH,CH,CH,CH CH,CH,CH,CH 
3 2 2 р = О 2 2 = S 
CH,CH, N CH,CH; у м 

\ \ 

95 SH O H 

Pentobarbital; prepared from urea, Pentothal; prepared from thiourea, 
(H,N),C=O (H,N),C=S 


The sodium salt of Pentothal is formed by removal of a proton from one of the N—H groups by 
sodium hydroxide. 


ie Q | CH; о 
CH;CH,CH,CH Ses a CH,CH,CH,CH VS 
CH,CH, N d CH,CH, N 

О H d H 


Pentothal sodium 


21.12 The synthesis of phenobarbital requires diethyl 2-phenylmalonate as the starting material. 


О 
NaOCH,CH, н EXE 
C,H,CH(COOCH,CH), сера C H&C(COOCH,CH,), үк 
em | CH,CH; 
CH,CH, 
Diethyl 2-phenylmalonate Diethyl Phenobarbital 


2-ethyl-2-phenylmalonate 


Diethyl 2-phenylmalonate is prepared by a mixed Claisen condensation between ethyl phenyl- 
acetate and diethyl carbonate. 


|| || NaOCH;CH; 
C,H,CH,COCH,CH, + CH,CH,OCOCH,CH, ————> C,H,CH(COOCH,CH,), 


Ethyl phenylacetate Diethyl carbonate Diethyl 2-phenylmalonate 


21.13 Like diethyl malonate, ethyl acetoacetate undergoes Michael addition to an a, f9-unsaturated 
ketone. 


О О 
|___| NaOCH,CH, | 
+ CH,CCH,COCH,CH, “CHCH,OH ” CHCOCH.CH, 
С 
O^ “ен, 
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Basic ester hydrolysis followed by acidification and decarboxylation gives the diketone 3-(2- 
oxopropyl)cycloheptanone as the major product of the reaction sequence. 


О О 
| 1. КОН, ethanol—water | 
СНСОСЊСН 2.H* CH,CCH 
| 2 3 3. heat 2 3 
C 3-(2-Oxopropyl)- 
27 ргору 
on “сн, cycloheptanone (52%) 


21.14 (b) The a-carbon atom of the ester bears a phenyl substituent and a methyl group. Only the 
methyl group can be attached to the o carbon by nucleophilic substitution. Therefore generate 
the enolate of methyl phenylacetate with lithium diisopropylamide (LDA) in tetrahydrofuran 
(THF) and then alkylate with methyl iodide. 


OLi 
LDA mA CHI 
C,H,CH,CO,CH, А с,н,сн=с сен снсо,сн, 
OCH 
3 CH, 
Methyl phenylacetate Enolate of methyl Methyl 
phenylacetate 2-phenylpropanoate 


(c) The desired product corresponds to an aldol addition product. 


Therefore convert cyclohexanone to its enolate and then treat with benzaldehyde. 


OH 
О О | 

CHC,H, 

1. LDA, THF 

— 
2. CH,CHO 
3.H,0* 
Cyclohexanone 1-(2-Oxocyclohexyl)-1- 
phenylmethanol 


(d) This product corresponds to the addition of the enolate of tert-butyl acetate to cyclohexanone. 


OH 
Ж. Е; O + :CH ‚сосн, } 
CH,COC(CH,), 


|| 
Ó 


Generate the enolate of tert-butyl acetate with lithium diisopropylamide; then add cyclohexa- 


none. 
1. LDA, THF OH 
CH,CO,C(CH;), 2. cyclohexanone a 
a CH,CO,C(CH,), 


tert-Butyl acetate tert-Butyl 
(1-hydroxycyclohexyl)acetate 
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21.15 To undergo a Claisen condensation, an ester must have at least two protons on the а carbon: 


оо 
[| 


RCH,CCCOCH,CH, | Ма“ + 2CH,CH,OH 


| 
R 


gat] 
2RCH,COCH,CH, + NaOCH,CH, 


The equilibrium constant for condensation is unfavorable unless the B-keto ester can be deproton- 
ated to form a stable anion. 


(a) Among the esters given, ethyl pentanoate and ethyl 3-methylbutanoate undergo the Claisen 


condensation 
О 
| 1, NaOCH;CH; || 
CH,CH,CH,CH,COCH,CH, >> _CH,CH,CH,CH,CCHCOCH,CH, 
CH,CH,CH, 
Ethyl pentanoate Ethyl 3-oxo-2-propylheptanoate 
О 
| 1. NaOCH,CH, | | 
(CH,),CHCH,COCH,CH, —————* (CH,),CHCH,CCHCOCH,CH, 
CH(CH,), 
Ethyl 3-methylbutanoate Ethyl 2-isopropyl-5-methyl- 


3-oxohexanoate 


(b) The Claisen condensation product of ethyl 2-methylbutanoate cannot be deprotonated; the 
equilibrium constant for its formation is less than 1. 


OCH, 
| NaOCH,CH, | | 
WELLS MEE RE = CHCH, CHCCCOOCH,CH; 
CH, CH, CH,CH, 
Ethyl 2-methylbutanoate No protons on a-carbon atom; cannot 


form stabilized enolate by deprotonation 


(c) Ethyl 2,2-dimethylpropanoate has no protons on its а carbon; it cannot form the ester enolate 
required in the first step of the Claisen condensation. 


li 
CHCCOCHICR; + "OCH,CH, 
CH, 


no reaction 


Ethyl 2,2- 
dimethylpropanoate 


21.16 (a) The Claisen condensation of ethyl phenylacetate is given by the equation 


О [e 
| 1. NaOCH,CH, | 
C,H;CH,COCH,CH, === CIBORIO TEONA 

CH; 


Ethyl phenylacetate Ethyl 3-oxo-2,4-diphenylbutanoate 
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aponification and decarboxylation of this G-keto ester gives dibenzyl ketone. 
(b)  Saponificati d decarboxylati f this B-k gives dibenzyl k 
оо O 
| || 1. HO”, H,O | 
C,H;CH,CCHCOCH,CH, ЭРИ? C,H;CH,CCH,C,H, 
CH, 3. heat 
Ethyl 3-охо-2,4- Dibenzyl ketone 
diphenylbutanoate 
(c) This process illustrates the alkylation of a В-Кею ester with subsequent saponification and 
decarboxylation. 
O OCH, CH=CH, О 
| NaOCH,CH, | 1. HO”, H,O | 
M аи CHC-CHCOHjBr ” а apa senate za oe а ес 
CH, CH, 3. heat CH, 
Ethyl 3-охо-2,4- 1,3-Diphenyl-5-hexen-2-one 
diphenylbutanoate 
(d) The enolate ion of ethyl phenylacetate attacks the carbonyl carbon of ethyl benzoate. 
| 
C,H,C-COCH,CH, | | 
y C;H4CCHCOCH,;CH, 
ее CH, 
Ethyl 2,3-diphenyl- 
3-oxopropanoate 
(e) Saponification and decarboxylation yield benzyl phenyl ketone. 
O O 
| 1. HOT, H,O | 
CUI ee ee C;H;CCH,C,H; 
CH, 3. heat 
Ethyl Benzyl phenyl ketone 
3-Oxo-2,3-diphenylpropanoate 
(f) This sequence is analogous to that of part (c). 
О OCH,CH=CH, 
| || NaOCH,CH, 1. HOT, H,O | 
а “C=CHCH,Br” C;HCCCOOCH,;CH, TT EE а 
CH; CH; 3. heat CH; 
1,2-Diphenyl-4-penten-1-one 
2117 (a) The Dieckmann reaction is the intramolecular version of the Claisen condensation. It employs 


a diester as starting material. 


? j 
о O COCH,CH, 
|| 1. NaOCH,CH, | 
CH,CH,OC(CH,),;COCH,CH, duet О 
Diethyl heptanedioate Ethyl (2-oxocyclohexane)- 


carboxylate 
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(b)  Acylation of cyclohexanone with diethyl carbonate yields the same B-keto ester formed in 


part (a). 
О о | 
о COCH,CH, 
| 1. NaOCH,CH, Я 
+ CH,CH,OCOCH,CH, == 
Cyclohexanone Diethyl carbonate Ethyl (2-oxocyclohexane)- 


carboxylate 


(c) The two most stable enol forms are those that involve the proton on the carbon flanked by the 
two carbonyl groups. 


H 
о | o f о7 0 


COCH,CH, COCH,CH, COCH,CH, 


(d) Deprotonation of the B-keto ester involves the acidic proton at the carbon flanked by the two 
carbonyl groups 


s :Ӧг 
О: G | 
СУСОСН,СН, 


(e) The methyl group is introduced by alkylation of the B-keto ester. Saponification and decar- 
boxylation complete the synthesis. 


О 
О | О CH O 
COCH,CH, 3 CH, 
NaOCH,CH, СООСН.СН 1. HOT, H,O 
езе 6 2115 punica iude 
CH;Br 2. H* 
3. heat 
Ethyl (2-oxocyclohexane)- Ethyl (1-methyl-2-oxocyclohexane)- 2-Methylcyclohexanone 
carboxylate carboxylate 


(f) The enolate ion of the B-keto ester [see part (d)] undergoes Michael addition to the 
carbon-carbon double bond of acrolein. 


| l Ө oncon tu 
RUPEA | OCH,C COOCH,CH 
NaOCH,CH, 
+ H,C—CHCH нето 2773 
Ethyl (2-oxocyclohexane)- Acrolein Michael adduct 
carboxylate 


This reaction has been reported in the chemical literature and proceeds in 65-75% yield. 
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Ethyl acetoacetate is converted to its enolate ion with sodium ethoxide; this anion then acts as 


21.18 (a) 
a nucleophile toward 1-bromopentane. 
O O 
| | NaOCH,CH, | | 
CH,CCH,COCH,CH, + CH,CH,CH,CH,CH,Br = CH,CCHCOCH,CH, 
CH,CH,CH,CH,CH, 


Ethyl acetoacetate 1-Bromopentane Ethyl 2-acetylheptanoate 


(b)  Saponification and decarboxylation of the product in part (a) yields 2-octanone. 


O O О 
| ll 1. HO”, H,O || 
CH,CCHCOCH,CH, === CH,CCH,CH,CH,CH,CH,CH, 
(CH,),CH, 3. heat 
Ethyl 2-Octanone 


2-acetylheptanoate 


(c) The product derived from the reaction in part (a) can be alkylated again: 


OCH, 
NaOCH;CH, || 
CH,CCHCOCH,CH, + CHI ——— > CH,CCCOOCH,CH, 
CH,CH,CH,CH,CH, CH,CH,CH,CH,CH, 
Ethyl Ethyl 
2-acetyl-2-methylheptanoate 


2-acetylheptanoate 


The dialkylated derivative of acetoacetic ester formed in part (c) can be converted to a ketone 


(d) 
by saponification and decarboxylation. 
OCH, 
|| 1. HO”, H,O || 
CH,CCCOOCH,CH, oar S НЕП, 
CH,CH,CH,CH,CH, *"™ CH,CH,CH,CH,CH, 
Ethyl 3-Methyl-2-octanone 


2-acetyl-2-methylheptanoate 


The anion of ethyl acetoacetate acts as a nucleophile toward 1-bromo-3-chloropropane. 


(e) 
Bromide is a better leaving group than chloride and is displaced preferentially. 

О 

NaOCH,CH, || 
CH,CCH,COCH,CH, + BrCH,CH,CH,Cl = CH,CCHCOCH,CH, 
CH,CH,CH,Cl 

Ethyl acetoacetate 1-Bromo-3- Ethyl 
2-acetyl-5-chloropentanoate 


chloropropane 
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(f) Treatment of the product of part (e) with sodium ethoxide gives an enolate ion that cyclizes by 
intramolecular nucleophilic substitution of chloride. 


CH,C COCH,CH, 


оо 
| | NaOCH;CH, 
коеш ———À. 
CH,CH,CH,Cl 
Ethyl Ethyl 


2-acetyl-5-chloropentanoate 1-acetylcyclobutanecarboxylate 


Cyclobutyl methyl ketone is formed by saponification and decarboxylation of the product in 


(8) 
part (f). 
TT 
СНС COCH,CH, 

1. НОТ, H,O | 
- CH,C 

2.H Š 

3. heat 

Ethyl Cyclobutyl methyl 


l-acetylcyclobutanecarboxylate ketone 


(h) Ethyl acetoacetate undergoes Michael addition to phenyl vinyl ketone in the presence of base. 


О 
| | NaOCH,CH, | || 
CH,CCH,COCH,CH, + H,C=CHCC,H, ==» CHO ССВ 


CECILE EM, 


Ethyl 2-acetyl-5- 


Ethyl acetoacetate Phenyl vinyl ketone 
oxo-5-phenylpentanoate 


(i)  Adiketone results from saponification and decarboxylation of the Michael adduct. 


O О O 
| || 1. HO", HO || 
CH,CCHCOCH,CH, ===> CH,CCH,CH,CH,CC,H, 
3. heat 


HCH CCH, 


Ethyl 2-acetyl-5-oxo-5- ]-Phenyl-1,5-hexanedione 


phenylpentanoate 
21.19  Diethyl malonate reacts with the reagents given in the preceding problem in a manner analogous to 
that of ethyl acetoacetate. 


(a) 


NaOCH,CH 
CH,(COOCH,CH,), + CH,CH,CH,CH,CH,Br ———— CH,CH,CH,CH,CH,CH(COOCH,CH,), 


Diethyl malonate 1-Bromopentane Diethyl 1, 1-hexanedicarboxylate 
(diethyl pentylmalonate) 


O 
І. НО, H,O | 
(b CH,CH,CH,CH,CH,CH(COOCH,CH,), ===> _CH,CH,CH,CH,CH,CH,COH 
3. heat 


Diethyl 1,1-hexanedicarboxylate Heptanoic acid 
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(с) 
СНА 
CH,CH,CH,CH,CH,CH(COOCH;CH,);. ocior CH,CH,CH,CH,CH,C(COOCH,CH,), 
CH, 
Diethyl 1, 1-hexanedicarboxylate Diethyl 2,2-heptanedicarboxylate 
О 
1. HO^, H,O || 
(d) CH,CH,CH,CH,CH,C(COOCH,CH,), XT ашаван исон 
CH, 3. heat CH, 
Diethyl 2,2-heptanedicarboxylate 2-Methylheptanoic acid 
(e) 
NaOCH,CH, 
— — —» СІСН,СН,СН,СН(СООСН,СН,), 


CH,(COOCH,CH,), + BrCH,CH,CH,Cl 


Diethyl malonate 1-Bromo-3-chloropropane 


Diethyl 4-chloro-1,1- 


butanedicarboxylate 
|| 
(р CICH,CH,CH,CH(COOCH,CH,) NaOCH,CH, а ака 
d КА поса, 
Diethyl 


Diethyl 4-chloro-1,1-butanedicarboxylate 


cyclobutane-1,1-dicarboxylate 


|| О 
СОСН,СН, 1. но-но | 
(g) x Tu COH 
oo 3. heat 
Diethyl Cyclobutanecarboxylic 
cyclobutane-1,1-dicarboxylate acid 
(A) 
NaOCH,CH, | 
CH,(COOCH,CH,), + C,H.CCH—CH, Greg  СЬН;ССН,СН,СН(СООСН,СН.), 
Diethyl malonate Phenyl vinyl ketone Diethyl 4-oxo-4-phenylbutane- 
1,1-dicarboxylate 
О 
| || 1. HOT, H,O || 
()  C4H,CCH,CH,CH(COOCH,CH, === C,H,CCH,CH,CH,COH 
3, heat 
5-Oxo-5-phenylpentanoic acid 


Diethyl 4-oxo-4-phenylbutane- 
1,1-dicarboxylate 
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21.20 (a) Both carbonyl groups of diethyl malonate are equivalent, and so enolization can occur in either 
direction. 


O О || 


О 
| 


С С 
< SEE “OCH CH. 


С С 
CH,CH,O~ “юн "OCH,CH, CH,CH,O 


Diethyl malonate 


ү. | 


С 
CH,CH,O~ “сн  “осн,сн, 


(b) Ethyl acetoacetate can give three constitutionally isomeric епо]: 


p^ Оо о со 
| || О | | 
„©. Pd C. | Pd C. ~ 
H,C^ ~CHY ~OCH,CH, CH,CCH,COCH,CH, ње“ CH OCH,CH, 
Least stable enol; double bond not Ethyl acetoacetate Enol stable but lacking ester 
conjugated with carbonyl group resonance 
H 
T 3 
C C 
HC сн” “OCH,CH, 
Most stable enol; double bond 
conjugated with carbonyl group; 
ester carbonyl stabilized by 
resonance 
(c) Bromine reacts with diethyl malonate and ethyl acetoacetate by way of the corresponding 
enols: 
H 
o о 
C P 
Br 
CH,(COOCH,CH,), CH,CH,O~ сн” “OCH,CH, 2 ноо OCU: 
Br 
Diethyl malonate Diethyl bromomalonate 
о" o 0 0 
Вг 
CH,CCH,COCH,CH, === | | 2 CH,CCHCOCH,CH, 
уд А | 
ње“ УСН OCH,CH, а 


Ethyl acetoacetate Ethyl a-bromoacetoacetate 
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21.21 (a) Recall that Grignard reagents are destroyed by reaction with proton donors. Ethyl acetoacetate 
is a stronger acid than water; it transfers a proton to a Grignard reagent. 


O О 
Ga con ет + CH,Mgl —— CH, + CH,CCHCOCH,CH, 
" gl 
Ethyl acetoacetate Methylmagnesium Methane Iodomagnesium salt of 
iodide ethyl acetoacetate 


(b) Adding D,O and DCI to the reaction mixture leads to D* transfer to the a-carbon atom of 
ethyl acetoacetate. 


О О 
арена + ро pe а 
а | 
Iodomagnesium salt Deuterium Ethyl 
of ethyl acetoacetate oxide a-deuterioacetoacetate 


21.22 (a) Ethyl octanoate undergoes a Claisen condensation to form a B-keto ester on being treated with 
sodium ethoxide. 


О оо 
|| 1. NaOCH,CH, | || 
CH,(CH,);CH,COCH,CH, == CH,(CH),CH,CCHCOCH;CH, 
(СН,);СН, 
Ethyl octanoate Ethyl 2-hexyl-3-oxodecanoate 


(b)  Saponification and decarboxylation of the B-keto ester yields a ketone. 


О 
1. NaOH, H,O | 
CH,(CH,),CH,CCHCOCH,CH, «CH, (CH,),CH,CCH,(CH,),CH, 
(CH,)<CH, 3. heat 
Ethyl 2-hexyl-3-oxodecanoate 8-Pentadecanone 


(c) Оп treatment with base, ethyl acetoacetate is converted to its enolate, which reacts as a nucle- 
ophile toward 1-bromobutane. 


O 
| NaOCH,CH, 
CH,CCH,COCH,CH, + CH,CH,CH,CHjBr ———~—+ CH,CCHCOCH,CH, 
CH,CH,CH,CH, 
Ethyl acetoacetate 1-Bromobutane Ethyl 2-acetylhexanoate 


(d) Alkylation of ethyl acetoacetate, followed by saponification and decarboxylation, gives a 
ketone. The two steps constitute the acetoacetic ester synthesis. 


О О 
| 1. NaOH, HO || 
ои sae CH,CCH,CH,CH,CH,CH;, 
CH,CH,CH,CH, ^?" 


Ethyl 2-acetylhexanoate 2-Heptanone 
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(e) Ап alkylated derivative of ethyl acetoacetate is capable of being alkylated a second time. 


O O О 
| ll NaOCH,CH, || 
ше + CH,CH,CH,CH, == CH,CC(CH,CH,CH,CH)) 
CH,CH,CH,CH, COOCH,CH, 
Ethyl 2-acetylhexanoate 1-Iodobutane Ethyl 2-acetyl-2-butylhexanoate 


(f) Тһе dialkylated derivative of acetoacetic ester formed in part (e) is converted to a ketone by 
saponification and decarboxylation. 


О 
|| |. NaOH || 
CH,CC(CH,CH,CH,CH)) an CH,CCH(CH,CH,CH,CH;), 
COOCH,CH, кн 
Ethyl 2-acetyl-2-butylhexanoate 3-Butyl-2-heptanone 


(g)  Theenolate of acetophenone attacks the carbonyl group of diethyl carbonate. 


О 

| | 1. NaOCH,CH, | 
C4H,CCH, + CH,CH,OCOCH,CH, -pr — C,H,CCH,COCH,CH, 
Acetophenone Diethyl carbonate 3-Oxo-3-phenylpropanoate 


(h)  Diethyl oxalate acts as an acylating agent toward the enolate of acetone. 


O 
| ||| 1. NaOCH,CH, | l 
CH,CCH, + CH,CH,OCCOCH,CH, ===> CH,CCH,CCOCH,CH, 
Acetone Diethyl oxalate Ethyl 2,4-dioxopentanoate 


(i) The first stage of the malonic ester synthesis is the alkylation of diethyl malonate with an alkyl 


halide. 
CH,(COOCH,CH,), + BrCH,CHCH,CH, — 575. CH,CH,CHCH,CH(COOCH,CH,), 
бн, бн, 
Diethyl malonate 1-Bromo-2-methylbutane Diethyl 3-methylpentane-1,1-dicarboxylate 


(j) Alkylation of diethyl malonate is followed by saponification and decarboxylation to give a 
carboxylic acid. 


O 
1. NaOH, H,O | 
CH,CH,CHCH,CH(COOCH,CH,), EX ES CH,CH,CHCH;CH,COH 
CH, 3. heat CH, 
Diethyl 3-methylpentane-1,1-dicarboxylate 4-Methylhexanoic acid 


(5796 yield from 1-bromo-2-methylbutane) 
(К) The anion of diethyl malonate undergoes Michael addition to 6-methyl-2-cyclohexenone. 


O O 


H,C H,C 
NaOCH,CH, 


ethanol 


CH,(COOCH,CH;), + 
CH(COOCH,CH,), 


Diethyl malonate 6-Methyl-2- Diethyl 2-(4-methyl-3-oxocyclohexyl)malonate 
cyclohexenone (isolated yield, 5096) 
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(J) Acid hydrolysis converts the diester in part (К) to а malonic acid derivative, which then 
undergoes decarboxylation. 


O 


H,C H,C 
H,O, НСІ 


heat 


CH(COOCH,CH,), CH,COOH 


Diethyl 2-(4-methyl-3-oxocyclohexyl)malonate (4-Methyl-3-oxocyclohexyl)acetic acid 
(isolated yield, 80%) 


(m) Lithium diisopropylamide (LDA) is used to convert esters quantitatively to their enolate ions. 
In this reaction the enolate of tert-butyl acetate adds to benzaldehyde. 


O ~ о О 
OLi I | 
| LDA / 1. CgH;CH 
CH,COC(CH,), H,C=C г” CH.CHCH;COC(CH,), 
OC(CH,); oH 
tert-Butyl acetate Lithium enolate of tert-Butyl 3-hydroxy-3- 
tert-butyl acetate phenylpropanoate 


21.23 (а) Вой ester functions in this molecule are В to a ketone carbonyl. Hydrolysis is followed by 


decarboxylation. 
COOCH,CH, 
CH,CH, CH,CH, 
H,O, H,SO, 
О heat О 
COOCH,CH, 
Diethyl 3-Ethylcyclopentanone 
3-ethylcyclopentanone-2,5-dicarboxylate (СН О) 


(b) Examine each carbon that is а to an ester function to see if it can lead to a five-, six-, or seven- 
membered cyclic B-keto ester by a Dieckmann cyclization. 


COOCH,CH, 9 
ke COOCH, CH, CH,CH,OOC 
Н.С 
СООСЊСН 3 
2-73 COOCH,CH, 
Cyclization to a five-membered ring 
possible, but B-keto ester cannot be 
deprotonated to give a stable anion. 
COOCH,CH, 
LU SCOOCHCH, 
COOCH,CH, 
Cyclization not likely; resulting ring is 
four-membered and highly strained. 
СООСЊСН 
COOCH,CH, > 
‚ COOCH,CH, 
COOCH,CH, HC — 
2 3 


Cyclization gives a five-membered ring; 
B-keto ester deprotonated under 
reaction conditions; this is the 
observed product (С„НО;). 
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(c) Both ester function undergo hydrolysis in acid, but decarboxylation occurs only at the 
carboxyl group that is В to the ketone carbonyl. 


COOCH,CH, COH 
О H,0* О heat О 
— > 
нс  COOCH,CH, нс Сон нс Сон 
Diethyl 2-methylcyclopentanone- 2-Methylcyclopentanone-3- 
3,5-dicarboxylate carboxylic acid (C;H,40) 


(d) A Dieckmann cyclization occurs, giving a five-membered ring fused to the original three- 
membered ring. 


H H 

: CH,COOCH;CH, У 

1. NaOCH,CH, я 

< ЕЕ ЕЕ O 
J 2.H y 

| CH COOCH;CH, - 


H — CoOCH,CH, 
Diethyl cis-1,2- Ethyl bicyclo[3.1.0]- 
cyclopropanediacetate hexan-3-one-2-carboxylate 


(C;H,,0,, 79%) 


(e)  Saponification and decarboxylation convert the -keto ester to a ketone. 


н H 
Я 1. HO”, H,O р 
О А. О 
X 2.H ~ 
= 3. heat = 
Н  COOCH,CH, H 
Ethyl bicyclo[3.1.0]hexan-3- Bicyclo[3.1.0]hexan-3-one 
one-2-carboxylate (СО, 43%) 


21.24 The heart of the preparation of capsaicin is a malonic ester synthesis. The first step is bromination 
of the primary alcohol by phosphorous tribromide. The resulting primary alkyl bromide is used to 
alkylate the sodium salt of diethyl malonate. A substituted malonic acid derivative is obtained 
following basic hydrolysis of the ester groups. 


PBr, 1. NaCH(CO,CH;CH,), | 


2 > COH 
"200. T 2. KOH, H,O, heat E Eu di d 
3.H* 
p 
07 


C,H, 5Вг СНО; 


Malonic acid derivatives undergo decarboxylation on heating. 


| | 
L COH heat x COH 
b did ae EETA Bud dd 
COH 


СоН О, 
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Formation of the amide completes the synthesis of capsaicin. 


| | 
т Li peaa 
CH, 
HO CH,NH, 


Capsaicin (С,Н,;№О,) 


21.25 (a) First write out the structure of 4-phenyl-2-butanone and identify the synthon that is derived 
from ethyl acetoacetate. 


| О 
C,H,CH, +CH,CCH, > CH,CH,X + :CH,CCH, 


Therefore carry out the acetoacetic ester synthesis using a benzyl halide as the alkylating 
agent. 


HBr 


СеН;СН,ОН — раг" СеН:СН,Вг 
Benzyl alcohol Benzyl bromide 
O оо 
| NaOCH,CH, | | 1. HOT, HO | 
CH,CCH,COCH,CH, + C,H,CH,Br — че нос X CH,CCH,CH,C,H; 
3. heat 
CH,C,H, i 
Ethyl acetoacetate Benzyl bromide Ethyl 2-benzyl-3- 4-Phenyl-2-butanone 
oxobutanoate 


(b) Identify the synthon in 3-phenylpropanoic acid that is derived from malonic ester by discon- 
necting the molecule at its a-carbon atom. 


О 
|| _ | 
C,H,CH,-+CH,COH > C,H,CH,X + :CH,COH 


Here, as in part (a), a benzyl halide is the required alkylating agent. 


NaOCH,CH, 1. HOT, H,O 
— s 


CH,(COOCH,CH,), + C,H,CH,Br C,H;CH,CH(COOCH,CH,), === C,H,CH,CH,COOH 


ethanol 
3. heat 
Diethyl malonate Benzyl bromide Diethyl benzylmalonate Hr 3-Phenylpropanoic acid 


596 ESTER ENOLATES 


(c) In this synthesis the desired 1,3-diol function can be derived by reduction of a malonic ester 
derivative. First propene must be converted to an allyl halide for use as an alkylating agent. 


H,C—CHCH,CH(CH,OH), > H,C=CHCH,X + :CH(COOCH;CH,), 


Cl 
H,C=CHCH, —~——> H,C=CHCH,Cl 


Propene Allyl chloride 
NaOCH,CH, 
CH,(COOCH,CH,), + H,C—CHCH,C| — + H,C=CHCH,CH(COOCH,CH,), 
Diethyl malonate Allyl chloride Diethyl 2-allylmalonate 


1. АН, 
2. H,O 


H,C—=CHCH,CH(CH,OH), 
2-Allyl-1,3-propanediol 
(d) The desired primary alcohol may be prepared by reduction of the corresponding carboxylic 


acid, which in turn is available from the malonic ester synthesis using allyl chloride, includ- 
ing saponification and decarboxylation of the diester [prepared in part (c)]. 


H,C—CHCH,CH,CH,OH > H,C=CHCH,CH,CO,H > H,C=CHCH,CH(CO,CH,CH,), 
4-Penten-1-ol 


The correct sequence of reactions is 


1. НОТ, HO 1. LiAIH, 
H,C—CHCH,CH(COOCH,CH,, === H,C—CHCH,CH,COOH === H,C—CHCH,CH,CH,OH 
: · 
Diethyl 2-allylmalonate а 4-Pentenoic acid 4-Penten-1-ol 


[prepared as in part (c)] 


(e) The desired product is an alcohol. It can be prepared by reduction of a ketone, which in turn 
can be prepared by the acetoacetic ester synthesis. 


T | | 
H,C—CHCH,CH,CHCH, = H,C—CHCH,CH,CCH, > H,C=CHCH,X + :CH,CCH, 
Therefore 
O о О 
| || NaOCH,CH, | | 1. HO”, њо | 
CH,CCH,COCH,CH, + H,C—CHCH,CL ^g СЊОГНСОСНСЊ у; CH,CCH,CH,CH=CH, 
Ethyl acetoacetate Allyl chloride CH,CH=CH, 3. heat 
NaBH, 
CH,OH 


CH HCH CHCA CH, 


OH 
5-Hexen-2-ol 
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(f) Cyclopropanecarboxylic acid may be prepared by a malonic ester synthesis, as retrosynthetic 
analysis shows. 


CO,CH,CH CH,X 
[>—со,н Е [> | ~ + CH,(CO,CH,CH,), 
CO,CH,CH, CH,X 


2 


The desired reaction sequence is 


NaOCH,CH, } UE 1. НОГ, H,O | || 
ethanol COOCH,CH, 2.H 


Diethyl malonate 1,2-Dibromoethane Cyclopropane- 
carboxylic acid 


CH,(COOCH,CH;), + BrCH,CH,Br 


(e) Treatment of the diester formed in part (f) with ammonia gives a diamide. 


| | 
COCH,CH NH CNH 
[рч 2 3 3 | 2 
COCH,CH, re 
О O 
Diethyl cyclopropane- Cyclopropane- 
1,1-dicarboxylate 1,1-dicarboxamide 


[prepared as in part (f )] 


(h) We need to extend the carbon chain of the starting material by four carbons. One way to 
accomplish this is by way of a malonic ester synthesis at each end of the chain. 


| І. ПАН, 
HOC(CH),COH -po 7 HOCH,(CH,),CH,OH Um BrCH,(CH;),CH,Br 
Octanedioic acid 1,8-Dibromooctane 
NaOCH,CH, 
2CH,(COOCH,CH,), + Br(CH,),Br (CH,CH,OOC),CH(CH,),CH(COOCH,CH,), 
Diethyl malonate 1,8-Dibromooctane 
1. HO”, HO 
2.H* 
3. heat 
| | 
HOCCH,(CH,),CH,COH 


Dodecanedioic acid 


21.26 The problem states that diphenadione is prepared from 1,1-diphenylacetone and dimethyl 1,2- 
benzenedicarboxylate. Therefore, disconnect the molecule in a way that reveals the two reactants. 


O 
ро х | 
CCH(C,H,), > CX and | CH,CCH(C,H,), 
CX 
О | 
О 


Diphenadione 
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Thus all that is required is to treat dimethyl 1,2-benzenedicarboxylate and 1,1-diphenylacetone with 
base. Two successive acylations of a ketone enolate occur; the first is intermolecular, the second 


intramolecular. 
о || 
COCH, || CCH,CCH(C,H,), 
NaOCH 
Le adac 28 CL 
Сен COCH, 
| | 


Dimethyl 1,2-benzene- 1,1-Diphenylacetone B-Diketone; not isolated 


dicarboxylate 


CCH(C,H,), 


O 


Diphenadione 


21.27  Esters react with amines to give amides. Each nitrogen of 1,2-diphenylhydrazine reacts with a 
separate ester function of diethyl 2-butylmalonate. 


| Н C,H О 

COCH,CH, NC Us us : „CH; 
CH,CH,CH,CH,CH + | — CH,CH,CH,CH, б 

COCH,CH ч, 

| 2-3 ut Xcu, é СН; 


Diethyl 2-butylmalonate 1,2-Diphenylhydrazine Phenylbutazone (С На МО) 


21.28 Styrene oxide will be attacked by the anion of diethyl malonate at its less hindered ring position. 


= C.H; 
сн. ү:СН(СООСН,СН)), Cd, pH— aH, о 
92 7  3Q:  CH—COCH.CH, О COOCH,CH, 
be Se О 
o^ Сосн,сн, 
1. НОТ, HO 
2.H* 
3. heat 
CH; 
Ó 
O 


The product is 4-phenylbutanolide. It has been prepared in 72% yield by this procedure. 


21.29 


21.30 


CH,CH,CH, 


Н, 


21.31 


36 
C 
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The first task is to convert acetic acid to ethyl chloroacetate. 
| 
CH,COH 


О 
CL || CH,CH,OH | 
- CICH,COH —— — CICH,COCH,CH, 


Chloroacetic Ethyl chloroacetate 


acid 


Acetic acid 


Chlorination must precede esterification, because the Hell—Volhard—Zelinsky reaction requires а 
carboxylic acid, not an ester, as the starting material. The remaining step is a nucleophilic substitu- 
tion reaction. 
| | 
CICH,COCH,CH, С + М=ССН,СОСН,СН, 


Ethyl chloroacetate Ethyl cyanoacetate 


From the hint given in the problem, it can be seen that synthesis of 2-methyl-2-propyl-1,3-propane- 
diol is required. This diol is obtained by a sequence involving dialkylation of diethyl malonate. 


О 
| 


„S EDDENES а Ра SOEUR а 
N = Z/N = YN 
CHOU NE H,C CH,OH H,C CO,CH,CH, 
Begin the synthesis by dialkylation of diethyl malonate. 
1. CH,CH,CH,Br, CH,CH,CH COOCH,CH 
NaOCH,CH, D cU Ne Norm 
САХСООСЊСНу; 5 "GiB; NaOCH,CH, " P 
Н.С COOCH,CH, 


Diethyl malonate Diethyl 2-methyl-2-propylmalonate 


Convert the ester functions to primary alcohols by reduction. 


CH,CH,CH, | COOCH,CH CH,CH,CH, | CH,OH 
3 2 ANC J 2 3 L АН, 8 2 ~ P 2 
PS 2. H,O Г 
H,C `СООСН,СН, Н.С” °CH,OH 


Diethyl 2-methyl-2-propylmalonate 2-Methyl-2-propyl-1,3-propanediol 


Conversion of the primary alcohol groups to carbamate esters completes the synthesis. 


О 

| 
CH,CH,CH CH,OH CH,CH,CH CH,OCNH 
3 2 A 2 1. СОС 3 2 чыё 2 2 

ях 2. МН», H,O а 

Н.С” `сн,он H,C CH,OCNH, 

О 

2-Methyl-2-propyl-1,3-propanediol Meprobamate 


The compound given in the problem contains three functionalities that can undergo acid-catalyzed 
hydrolysis: an acetal and two equivalent ester groups. Hydrolysis yields 3-oxo-1,1-cyclobutane- 
dicarboxylic acid and 2 moles each of methanol and 2-propanol. The hydrolysis product is a malonic 
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acid derivative that decarboxylates on heating. The final product of the reaction is 3-oxocyclobu- 
tanecarboxylic acid (C;H603). 


О О 
| | OH 
CH,O COCH(CH;), нано COH | 
OX — Ed + 2CH,OH + 2CH,CHCH, 
CH,O соснєсн,, оп 
О О 
Diisopropyl 3,3-dimethoxycyclobutane- 3-Oxo-1,1-cyclobutanedicarboxylic Methanol 2-Propanol 
1,1-dicarboxylate acid 
heat 
| 
о={`;>—Сон + СО, 
3-Oxocyclobutanecarboxylic Carbon 
acid dioxide 
SELF-TEST 
PART A 


A-1. Give the structure of the reactant, reagent, or product omitted from each of the following: 


|| 1. NaOCH,CH, 


(а) CH,CH,CH,COCH,CH, z ? 
2. H0 
O 
|| 1. аосн,сн, || 
(b) HCOCH,CH, +? wie niger een 
753 
C 
o^ ^g 
| 
СОСЊСН, 
СОСЊСН, 1. HO7, H,O | : 
(c) || но" ? (two isomeric products; C;H,C1O,) 
CI O 3. heat 
O 
| NaOCH,CH, 
(d) (CH4CH,OOC),CH, + H,C=CHCOCH,CH, aa 


1. NaOCH,CH, 


(e) CH,CCH;COCH,CH; coucou 
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| 
C,H,CH,CH,CCH, 


(f) Product of part (e) 
| 
(8) с. heat СО, +? 
COH 
A-2. Provide the correct structures of compounds A through E in the following reaction sequences: 
ү | 
(а) ^ 1. NaOCH,CH, COCH,CH, 1. NaOCH,CH, B 1. ues H,O C 
2.H40* 2. CH,CHSI 2. H0 
3. heat 
|| 1. NaOCH,CH, 1. НОТ, H,O 
(b) CH,CH,CH,COCH,CH, но? > > но" Е + CO, 
3. heat 
A-3. Give a series of steps that will enable preparation of each of the following compounds from 
the starting material(s) given and any other necessary reagents: 
| 
(a) CH,CCH,CH,COH from ethyl acetoacetate 
I | | 
(b C.,H;CCH,CH,CH,CCH, from СеН;ССН, and diethyl carbonate 
A-4. Write a stepwise mechanism for the reaction of ethyl propanoate with sodium ethoxide in 
ethanol. 
A-5. Ethyl 2-methylpropanoate does not undergo a Claisen condensation, whereas ethyl 
3-methylbutanoate does. Provide a mechanistic explanation for this observation. 
PART B 
B-1. Which of the following compounds is the strongest acid? 
(a) HCO,CH,CH, 
(b CH,CH,O,CCH,CO,CH,CH, 
(c) CH,CH,O,CCH,CH,CO,CH,CH, 
(d) CH,CO,CH,CH, 
B-2. Which of the following will yield a ketone and carbon dioxide following saponification, 


acidification, and heating? 


[e 
(a) GNO CHO COR: (c) аа: 
" ym Я снн, 

О О 
(Б) ааа аа (d) ОЕ 


ЕНЕН, Е „СОСН,СН; 
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B-3. Which of the following keto esters is not likely to have been prepared by a Claisen 


condensation? 
1 1 [| 
(а) к ал. (с) о. 
CH COCH,CH 
3 of 2415 
| | 
(b) а. (d) (CH,),CHCH,CCHCOCH,CH, 
CH, CH(CH,), 


NNI 
В-4. Dieckmann cyclization of CH,CH,OC(CH,);COCH,CH, will yield 


O О 
| 
(a) ©) COCH,CH, 

COCH,CH, 
|| COCH,CH, 
О / 
О О 

? | ] 


COCH,CH, COCH,CH, 
(b) (4) CY 


B-5. What is the final product of this sequence? 


| 
CH,COCH,CH, А 
NaOCH,CH, І. НО, H,O 
E CH,CH,OH У и S 
VHS PUSH 3. heat 
O 
О 
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B-6. What is the final product of the following sequence of reactions? 


O 
| NaOCH,CH, 1. KOH 
CH,(CO,CH,CH;), + (CH44C-—CHCCH, йа Л mm ? 
3. heat 
О О О О 
(a) | (e A 
OCH,CH, OH 
о О 
OH OH 
SS 
(b) (d) 
О Ó 
B-7. Which of the following would be a suitable candidate for preparation by a mixed Claisen 
condensation? 
| | 
(a) CH,CH,CCH,COCH,CH, (c) C,H,CH,CCH,COCH;CH, 
AN Ll 
(b) C,H;CCH,COCH.CH, (d) как прво 55 
CH, 
B-8. What is the major product of the following reaction? 
О 
| 1. NaOCH, 
CH,CH,COCH, + HCOCH, "m 
|| | | 
(а) е (с) ре (е) MES EE 
CH, CH, CH, 
ү 
(b) HCOCHCOCH, (d HCCHCOCH, 


| | 
CH, CH, 


CHAPTER 22 
AMINES 


SOLUTIONS TO TEXT PROBLEMS 


22.1 (b) The amino and phenyl groups are both attached to C-1 of an ethyl group. 


саев 


NH, 


1-Phenylethylamine, or 
1-phenylethanamine 


(c) H,C=CHCH,NH, 


Allylamine, or 
2-propen-1-amine 


22.3  N,N-Dimethylcycloheptylamine may also be named as a dimethyl derivative of cycloheptanamine. 


(ме, 


N,N-Dimethylcycloheptanamine 


22.3 Three substituents are attached to the nitrogen atom; the amine is tertiary. In alphabetical order, the 
substituents present on the aniline nucleus are ethyl, isopropyl, and methyl. Their positions are 
specified as N-ethyl, 4-isopropyl, and N-methyl. 


CH, 


| 
єсну.сн—{_}у—х—снусн, 


N-Ethyl-4-isopropyl-N-methylaniline 
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22.5 


22.7 
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The electron-donating amino group and the electron-withdrawing nitro group are directly conjugated 
in p-nitroaniline. The planar geometry of p-nitroaniline suggests that the delocalized resonance form 
shown is a major contributor to the structure of the compound. 


CNH, *NH, 


e 


Nt 
У X 
aX X 


ои ЗЕ 
0. € 
The pK, of an amine is related to the equilibrium constant K, by 
pK, — —log K, 
The pK, of quinine is therefore 
pK, = —log (1 x 107%) = 6 
the values of K, and pK, for an amine and K, and pK, of its conjugate acid are given by 
К X*K,-1xig 
and 
pK, F PK, = 14 


The values of K, and pK, for the conjugate acid of quinine are therefore 


1074 1x107“ 


= — = -8 
К, к T Турур = 1X 10 


and 
pK, = 14 — pK, = 14-6=8 


The Henderson-Hasselbalch equation described in Section 19.4 can be applied to bases such as 
amines, as well as carboxylic acids. The ratio [CH,NH,*]/[CH,NH.,] is given by 


[CH,NH,'] _ [H*] 
[CH,NH,] XK. 


a 


The ionization constant of methylammonium ion is given in the text as 2 X 107". At pH = 7 the 
hydrogen ion concentration is 1 X 107. Therefore 


[CHNH,] 1x107 


= 3 
[CH,NH] 2x19 = 5 Х 10 


Nitrogen is attached directly to the aromatic ring іп tetrahydroquinoline, making it an arylamine, 
and the nitrogen lone pair is delocalized into the т system of the aromatic ring. It is less basic than 
tetrahydroisoquinoline, in which the nitrogen is insulated from the ring by an sp?^-hybridized 


carbon. 
N 


H 
Tetrahydroisoquinoline Tetrahydroquinoline 
(an alkylamine): more basic, (an arylamine): less basic, 
K, 2.5 X 107? (pK, 4.6) К, 1.0 X 10? (pK, 9.0) 


See Learning By Modeling for the calculated charges on nitrogen. 
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22.8 (b) An acetyl group attached directly to nitrogen as in acetanilide delocalizes the nitrogen lone 
pair into the carbonyl group. Amides are weaker bases than amines. 


:Ӧ Ó 
Је. ccn 
OR OT 
N N 
H H 


(c) An acetyl group in a position para to an amine function is conjugated to it and delocalizes the 
nitrogen lone pair. 


v 

“г 4 

x QUO Vc? 
CH, 


22.9 The reaction that leads to allylamine is nucleophilic substitution by ammonia on allyl chloride. 


H,C=CHCH,Cl + 2NH, H,C—CHCH,NH, + NH,Cl 


Allyl chloride Ammonia Allylamine Ammonium 
chloride 


Allyl chloride is prepared by free-radical chlorination of propene (see text page 371). 


400°C 
H,C—CHCH, + CL 6. н,с=снсн,с! + на 
Propene Chlorine Allyl chloride Hydrogen 
chloride 


22.10 (b)  Isobutylamine is (CH;),CHCH,NH.. It is a primary amine of the type RCH,NH, and can be 
prepared from a primary alkyl halide by the Gabriel synthesis. 


O O 
(СН,),СНСН,Вг + NK NCH,CH(CH,), 
О О 
Isobutyl bromide N-Potassiophthalimide N-Isobutylphthalimide 


H,NNH, 


(CH,),CHCH,NH, + | 


Isobutylamine Phthalhydrazide 
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(c) Although tert-butylamine (CH,),CNH, is a primary amine, it cannot be prepared by the 
Gabriel method, because it would require an 5,2 reaction on a tertiary alkyl halide in the first 
step. Elimination occurs instead. 


O O 
(CH,),CBr + NK (CH,),C=CH, + NH + KBr 
О О 
tert-Butyl N-Potassiophthalimide 2-Methylpropene Phthalimide Potassium 
bromide bromide 


(d) The preparation of 2-phenylethylamine by the Gabriel synthesis has been described in the 
chemical literature. 


O O 
C,H,CH,CHjBr + NK NCH,CH,C,H, 
О О 
2-Phenylethyl bromide N-Potassiophthalimide N-(2-PhenylethyDphthalimide 


H,NNH, 
О 

C,H,CH,CH,NH, + Mw 

675 2 2 2 NH 
О 

2-Phenylethylamine Phthalhydrazide 


(e) The Gabriel synthesis leads to primary amines; N-methylbenzylamine is a secondary amine 
and cannot be prepared by this method. 


CH, 


y 
сн, 


H 


N-Methylbenzylamine 
(two carbon substituents on 
nitrogen; a secondary amine) 


(f) Aniline cannot be prepared by the Gabriel method. Aryl halides do not undergo nucleophilic 
substitution under these conditions. 


О 
Вг 
О 


Bromobenzene N-Potassiophthalimide 


no reaction 
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22.11 
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For each part of this problem, keep in mind that aromatic amines are derived by reduction of the 
corresponding aromatic nitro compound. Each synthesis should be approached from the standpoint 
of how best to prepare the necessary nitroaromatic compound. 


> Ar—NO, > Ar—H 


(Ar = substituted aromatic ring) 


Ar—NH, 


(b) The para isomer of isopropylaniline may be prepared by a procedure analogous to that used 
for its ortho isomer in part (a). 


CH(CH,), CH(CH,), CH(CH,), 
NO, 
© (CH,),CHCI HNO, 
— + 
AICI H,SO, 
NO, 
Benzene Isopropybenzene o-Isopropylnitro- p-Isopropylnitro- 


benzene benzene 


After separating the ortho, para mixture by distillation, the nitro group of p-isopropyl- 
nitrobenzene is reduced to yield the desired p-isopropylaniline. 


CH(CH,), CH(CH,), 
H,, Ni; or 
1. Fe, HCl; 2. НО or 
1. Sn, НСІ; 2. HO 
NO, NH, 


(c) The target compound is the reduction product of 1-isopropyl-2,4-dinitrobenzene. 


CH(CH,), 
NO, 


CH(CH,), 
NH, 


reduce 


NO, NH, 


4-Isopropyl-1,3- 
benzenediamine 


1-Isopropyl-2,4- 
dinitrobenzene 


This reduction is carried out in the same way as reduction of an arene that contains only a 
single nitro group. In this case hydrogenation over a nickel catalyst gave the desired product 
in 90% yield. 

The starting dinitro compound is prepared by nitration of isopropylbenzene. 


CH(CH,), CH(CH,), 
NO, 
HNO,, H,SO, 
80°C 
NO, 
Isopropylbenzene 1-Isopropyl-2,4- 


dinitrobenzene 
(43%) 
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(d) Тһе conversion of p-chloronitrobenzene to p-chloroaniline was cited as an example in the text 
to illustrate reduction of aromatic nitro compounds to arylamines. p-Chloronitrobenzene is 
prepared by nitration of chlorobenzene. 


Cl Cl Cl 
NO, 
CL HNO, 
— — + 
FeCl, H,SO, 
NO, 
Benzene Chlorobenzene o-Chloronitrobenzene p-Chloronitrobenzene 


The para isomer accounts for 69% of the product in this reaction (30% is ortho, 1% meta). 
Separation of p-chloronitrobenzene and its reduction completes the synthesis. 


Cl Cl 


1. Fe, HCl; 2. НО or 
H,, catalyst; or 
1. Sn, НСІ; 2. НО" 


NO, NH, 


p-Chloronitrobenzene p-Chloroaniline 


Chlorination of nitrobenzene would not be a suitable route to the required intermediate, 
because it would produce mainly m-chloronitrobenzene. 
(e) The synthesis of m-aminoacetophenone may be carried out by the scheme shown: 


o | | | 


i CCH, CCH, CCH, 
CH,CC1 ` HNO, reduce 
— ————— ——— 
AICI, H,SO, 
NO, NH, 
Benzene Acetophenone m-Nitroacetophenone m-Aminoacetophenone 


The acetyl group is attached to the ring by Friedel-Crafts acylation. It is a meta director, and 
its nitration gives the proper orientation of substituents. The order of the first two steps cannot 
be reversed, because Friedel-Crafts acylation of nitrobenzene is not possible (Section 12.16). 
Once prepared, m-nitroacetophenone can be reduced to m-nitroaniline by any of a number of 


reagents. Indeed, all three reducing combinations described in the text have been employed 
for this transformation. 


Yield 

Reducing agent (96) 
m-Nitroacetophenone Н,, Pt 94 
КИ Fe, НСІ 84 
m-Aminoacetophenone Sn, HCl 82 


22.12 (b) Dibenzylamine is a secondary amine and can be prepared by reductive amination of benz- 
aldehyde with benzylamine. 


5, 


H,, Ni 
C,H;CH + C,H.CH,NH, : C,H,CH,NHCH,C,H, 


Benzaldehyde Benzylamine Dibenzylamine 
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(c) N,N-Dimethylbenzylamine is a tertiary amine. Its preparation from benzaldehyde requires 
dimethylamine, a secondary amine. 


Н, Ni 


|| 
C,H,CH + (CH,),NH C H,CH,N(CH,), 


Benzaldehyde Dimethylamine N,N-Dimethylbenzylamine 


(d) The preparation of N-butylpiperidine by reductive amination is described in the text in 
Section 22.11. An analogous procedure is used to prepare N-benzylpiperidine. 


О 
|| H, Ni 
CH,CH + ————  CH,CH,—N 


N 
H 


Benzaldehyde Piperidine N-Benzylpiperidine 


22.13 (b) First identify the available В hydrogens. Elimination must involve a proton from the carbon 
atom adjacent to the one that bears the nitrogen. 


в г Two equivalent methyl groups 
CH, 

p | в 
(сну сен = 


+ 
N(CH 
A methylene group (CH3)3 


It is a proton from one of the methyl groups, rather than one from the more sterically hindered 
methylene, that is lost on elimination. 


CH, CH, 
| P ER Е. | 
с н ОН (CH,),;CCH,C=CH, + (CHj4N: 
сн, 
(1,1,3,3-Tetramethylbutyl)- 2,4,4-Trimethyl-1-pentene Trimethylamine 
trimethylammonium (only alkene formed, 
hydroxide 70% isolated yield) 


(с) The base may abstract a proton from either of two B carbons. Deprotonation of the В methyl 
carbon yields ethylene. 


CH, 
HOF HGR сн, C NCH CH CH CH, ELO H,C=CH, + (CHjNCH,CH,CH,CH, 
Сн, 
N-Ethyl-N,N-dimethylbutylammonium hydroxide Ethylene N,N-Dimethylbutylamine 


Deprotonation of the В methylene carbon yields 1-butene. 


CH, 
dieu дур. сеңер ыо: CH,CH,N(CH,, + H,C—CHCH,CH, 
ar He 
:OH 
N-Ethyl-N,N-dimethylbutylammonium N,N-Dimethylethylamine 1-Butene 


hydroxide 
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The preferred order of proton removal in Hofmann elimination reactions is В CH, > 
P CH, > ВСН. Ethylene is the major alkene formed, the observed ratio of ethylene to 1-butene 
being 98 : 2. 

22.14 (b) The pattern of substituents in 2,4-dinitroaniline suggests that they can be introduced by dini- 
tration. Since nitration of aniline itself is not practical, the amino group must be protected by 
conversion to its N-acetyl derivative. 


O O 
З NHCCH, NHCCH, 
[9] 
|| NO, 
CH4CCI HNO, 
or H,SO, 
ө 
МО, 
Aniline Acetanilide 2,4-Dinitroacetanilide 


Hydrolysis of the amide bond in 2,4-dinitroacetanilide furnishes the desired 2,4-dinitroaniline. 


| 
МНССН, NH, 
NO, NO, 
H,O, HO , or 
= 
1. H,O, H* 
2.HO 
NO, NO, 
2,4-Dinitroacetanilide 2,4-Dinitroaniline 


(c)  Retrosynthetically, p-aminoacetanilide may be derived from p-nitroacetanilide. 


| = | 
сњомн( У-и, снбмн—{ мо, 
p-Aminoacetanilide p-Nitroacetanilide 


This suggests the sequence 


11 О О 
CH,COCCH, | HNO, | 
H,N CH,CNH 50. * ONH NO, 
Aniline Acetanilide p-Nitroacetanilide 


(separate from ortho isomer) 


1. Fe, HCl; 2. НО or 
1. Sn, HCl; 2. НО or 
H,, Pt 


p-Aminoacetanilide 


612 AMINES 


22.15 The principal resonance forms of N-nitrosodimethylamine are 


Н.С Ө: 


Qe ње“ 


All atoms (except hydrogen) have octets of electrons in each of these structures. Other resonance 
forms are less stable because they do not have a full complement of electrons around each atom. 


22.16 Deamination of 1,1-dimethylpropylamine gives products that result from 1,1-dimethylpropyl 
cation. Because 2,2-dimethylpropylamine gives the same products, it is likely that 1,1-dimethyl- 
propyl cation is formed from 2,2-dimethylpropylamine by way of its diazonium ion. A carbocation 
rearrangement is indicated. 


CH, CH, CH, 
Gl OE нохо, сиси, CN=N = снуёсн,сн, 
бн, A 
2,2-Dimethylpropylamine 2,2-Dimethylpropyldiazonium 1,1-Dimethylpropyl 
ion cation 


Once formed, 1,1-dimethylpropyl cation loses a proton to form an alkene or is captured by water to 
give an alcohol. 


CH, 
=: TERT + (CH,),C=CHCH, 
ie 2-Methyl-1-butene 2-Methyl-2-butene 
CH,CCH,CH, — 
1,1-Dimethylpropyl 
cation BO .  (CH,),CCH,CH, 


| 
OH 


2-Methyl-2-butanol 


22.17 Phenols may be prepared by diazotization of the corresponding aniline derivative. The problem 
simplifies itself, therefore, to the preparation of m-bromoaniline. Recognizing that arylamines are 
ultimately derived from nitroarenes, we derive the retrosynthetic sequence of intermediates: 


A DO DO. од 


m-Bromophenol m-Bromoaniline m-Bromonitrobenzene Nitrobenzene 


The desired reaction sequence is straightforward, using reactions that were discussed previously in 
the text. 


OH 


NO, NO, 
1. NaNO,, H5SO, 
HNO, Br; Ве, HCI Fe, HCI КЕ АНЕ О, 0-5*C 
= ————— 
H,SO, Fe ^2 NaOH ^ NaOH “2 HO, heat ^ H,O, heat 
Br Br 
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22.48 The key to this problem is to recognize that the iodine substituent in m-bromoiodobenzene is derived 
from an arylamine by diazotization. 


I NH, 


E 


Br Br 


m-Bromoiodobenzene m-Bromoaniline 


The preparation of m-bromoaniline from benzene has been described in Problem 22.17. AII that 
remains is to write the equation for its conversion to m-bromoiodobenzene. 


NH, 


1. NaNO,, HCI, H,O 
2.KI 
Br Br 


m-Bromoaniline m-Bromoiodobenzene 


22.19 The final step in the preparation of ethyl m-fluorophenyl ketone is shown in the text example im- 
mediately preceding this problem, therefore all that is necessary is to describe the preparation of 
m-aminophenyl ethyl ketone. 


F NH, NO, 
CCH.CH, CCH.CH, CCH.CH, 
О О O 
Ethyl m-fluorophenyl m-Aminophenyl ethyl Ethyl m-nitrophenyl 
ketone ketone ketone 


Recalling that arylamines are normally prepared by reduction of nitroarenes, we see that ethyl 
m-nitrophenyl ketone is a pivotal synthetic intermediate. It is prepared by nitration of ethyl 
phenyl ketone, which is analogous to nitration of acetophenone, shown in Section 12.16. 
The preparation of ethyl phenyl ketone by Friedel-Crafts acylation of benzene is shown in Sec- 
tion 12.7. 


NO, 


CCH,CH, | e ~CCH,CH, | ч 


| | 
О Ó 


Ethyl m-nitrophenyl Ethyl phenyl ketone 
ketone 


Reversing the order of introduction of the nitro and acyl groups is incorrect. It is possible to nitrate 
ethyl phenyl ketone but not possible to carry out a Friedel-Crafts acylation on nitrobenzene, owing 
to the strong deactivating influence of the nitro group. 


22.20 Direct nitration of the prescribed starting material cumene (isopropylbenzene) is not suitable, 
because isopropyl is an ortho, para-directing substituent and will give the target molecule 
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m-nitrocumene as only a minor component of the nitration product. However, the conversion of 
4-isopropyl-2-nitroaniline to m-isopropylnitrobenzene, which was used to illustrate reductive 
deamination of arylamines in the text, establishes the last step in the synthesis. 


CH(CH,), CH(CH,), CH(CH,), 
NO, NO, 
NH, 
m-Nitrocumene 4-Isopropyl-2- Cumene 


nitroaniline 


Our task simplifies itself to the preparation of 4-isopropyl-2-nitroaniline from cumene. The follow- 
ing procedure is a straightforward extension of the reactions and principles developed in this 
chapter. 


CH(CH,), CH(CH,), CH(CH,), у CH(CH,), 
HNO, 1. Fe, НСІ Gita 
H,SO, 2.HO™ 
NO, NH, кин, 
О 
p-Nitrocumene p-Isopropylaniline p-Isopropylacetanilide 
CH(CH,), CH(CH,), CH(CH,), 
HNO, HO , H,O, or 
HSO, 1. H,O, H* 
NO, 2но- NO, 
ен; Шш NH, 
Ó 


p-Isopropylacetanilide 4-Isopropyl-2-nitroacetanilide 4-Isopropyl-2-nitroaniline 
Reductive deamination of 4-isopropyl-2-nitroaniline by diazotization in the presence of ethanol or 


hypophosphorous acid yields m-nitrocumene and completes the synthesis. 
Amines may be primary, secondary, or tertiary. The C,H,,N primary amines, compounds of the type 


C,H,NH,, and their systematic names are 


CH,CH,CH,CH,NH, _ (CH,),CHCH,NH, 


Butylamine 
(1-butanamine) 


Isobutylamine 
(2-methyl-1-propanamine) 


чине (CH,),CNH, 
NH, 


sec-Butylamine 
(2-butanamine) 


tert-Butylamine 
(2-methyl-2-propanamine) 
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Secondary amines have the general formula R,NH. Those of molecular formula C,H,,N are 


(CH,CH,),NH конон аенын 
н н 
Diethylamine N-Methylpropylamine N-Methylisopropylamine 


(N-ethylethanamine) (N-methyl-1-propanamine) (N-methyl-2-propanamine) 
There is only one tertiary amine (R4N) of molecular formula C,H,,N: 


(CH,),NCH,CH, 


N,N-Dimethylethylamine 
(N,N-dimethylethanamine) 


(a) The name 2-ethyl-1-butanamine designates a four-carbon chain terminating in an amino 
group and bearing an ethyl group at C-2. 


CH,CH,CHCH,NH, 
CH,CH, 
2-Ethyl-1-butanamine 


(b) The prefix N- in N-ethyl-1-butanamine identifies the ethyl group as a substituent on nitrogen 
in a secondary amine. 


CH,CH,CH,CH,NCH,CH, 
H 
N-Ethyl-1-butanamine 


(c)  Dibenzylamine is a secondary amine. It bears two benzyl groups on nitrogen. 


СеН;СН,МСН,С,Н; 
н 
Dibenzylamine 
(d)  Tribenzylamine is a tertiary amine. 
(C,H;CH,),N 
Tribenzylamine 


(e)  Tetraethylammonium hydroxide contains a quaternary ammonium ion. 


(CH,CH,),N НО“ 


Tetraethylammonium 
hydroxide 


(f) This compound is a secondary amine; it bears an allyl substituent on the nitrogen of cyclo- 
hexylamine. 


H 
/ 
Cn 

CH,CH=CH, 


N-Allylcyclohexylamine 
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(g)  Piperidine is a cyclic secondary amine that contains nitrogen in a six-membered ring. 
N-Allylpiperidine is a tertiary amine. 


‹ NCH,CH=CH, 


N-Allylpiperidine 
(h) The compound is the benzyl ester of 2-aminopropanoic acid. 


| 
сњенсосњсн, 


NH, 


Benzyl 2-aminopropanoate 


(i) Тһе parent compound is cyclohexanone. The substituent (CH,),N— group is attached to C-4. 


cR 5 
H 


4-(N,N-Dimethylamino)- 
cyclohexanone 


(Jj) The suffix -diamine reveals the presence of two amino groups, one at either end of a three- 
carbon chain that bears two methyl groups at C-2. 


й 
мнен, 
CH, 


2,2-Dimethyl-1,3- 
propanediamine 


(а) A phenyl group and an amino group are trans to each other on a three-membered ring in this 
compound. 


trans-2-Phenylcyclopropylamine 
(tranylcypromine) 


(b) This compound is a tertiary amine. It bears a benzyl group, a methyl group, and a 2-propynyl 
group on nitrogen. 


CH, 
C,H,CH,—N 
CH,C=CH 


N-Benzyl-N-methyl-2-propynylamine 
(pargyline) 
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(c) The amino group is at C-2 of a three-carbon chain that bears a phenyl substituent at its 


terminus. 
ПУНА НЕН 


NH, 


1-Phenyl-2-propanamine 
(amphetamine) 


(d) Phenylephrine is named systematically as an ethanol derivative. 


HO GH ek 
| УТУР 
CHCH,N 
N 
H 


1-(m-Hydroxyphenyl)- 
2-(methylamino)ethanol 


22.24 (а) There are five isomers of CHN that contain a benzene ring. 


C,H,CH,NH,  C,H;NHCH, 


Benzylamine N-Methylaniline 


CH, CH, 
NH, 


NH, 


o-Methylaniline m-Methylaniline p-Methylaniline 


(b) Benzylamine is the strongest base because its amine group is bonded to an sp?^-hybridized 
carbon. Benzylamine is a typical alkylamine, with a K, of 2 X 107°. All the other isomers are 


arylamines, with К, values in the 107" range. 


(c) The formation of N-nitrosoamines on reaction with sodium nitrite and hydrochloric acid is a 
characteristic reaction of secondary amines. The only С.Н М isomer in this problem that is a 


secondary amine is N-methylaniline. 


N—O 

HCl, H,O 
C4H,NHCH, -kno > СеН:МСН, 
N-Methylaniline N-Methyl-N- 
nitrosoaniline 


(d) Ring nitrosation is a characteristic reaction of tertiary arylamines. 


NR, Vu. ОМ NR. 
2 HCI, H,O 2 


Tertiary arylamine p-Nitroso-N, N-dialkylaniline 


None of the СВОМ isomers in this problem is a tertiary amine; hence none will undergo ring 


nitrosation. 
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22.25 (а) Basicity decreases in proceeding across a row in the periodic table. The increased nuclear 
charge as one progresses from carbon to nitrogen to oxygen to fluorine causes the electrons to 
be bound more strongly to the atom and thus less readily shared. 

Н.С: > HN > HO > ғ 


Strongest Weakest 
base base 
10760 1073 1075 3.5 х 1074 


K, 
of conjugate 
acid 
The strongest base in this group is amide ion, НМ, and the weakest base is water, H,O. 


Ammonia is a weaker base than hydroxide ion; the equilibrium lies to the left. 


(b) 
+ = 
‘NH, + HO -— NH, + OH 
Weaker Weaker Stronger Stronger 
base acid acid base 
The correct order is 
HN: > НО: > :NH, > Њд: 
Weakest 


Strongest 
base base 


These anions can be ranked according to their basicity by considering the respective acidities 


(c) 
of their conjugate acids. 
Base Conjugate acid K, of conjugate acid 

HN. H4N 10-35 

НО“ H,O 10779 
GCEN: HC=N: 7.2 x 107" 

O 
m". T d 
O—N HON 2.5 x 10! 
PE Хо" 


The order of basicities is the opposite of the order of acidities of their conjugate acids. 


HN > HO > :C=N: > NO, 
Strongest Weakest 
base base 


A carbonyl group attached to nitrogen stabilizes its negative charge. The strongest base is the 
anion that has no carbonyl groups on nitrogen; the weakest base is phthalimide anion, which 


(d) 
has two carbonyl groups. 
O O 


Фе > :М > 
O 


Weakest base 


Strongest base 


AMINES 619 


22.26 (а) An alkyl substituent on nitrogen is electron-releasing and base-strengthening; thus methyl- 
amine is a stronger base than ammonia. An aryl substituent is electron-withdrawing and base- 
weakening, and so aniline is a weaker base than ammonia. 


CH,NH, > NH, > C,H.NH, 


Methylamine, Ammonia: Aniline, 

strongest base: weakest base: 

K,44x 104  K,L8X10? K,3.8 x 107 
pK, 3.4 pK, 4.7 pK, 9.4 


(b) An acetyl group is an electron-withdrawing and base-weakening substituent, especially when 
bonded directly to nitrogen. Amides are weaker bases than amines, and thus acetanilide is a 
weaker base than aniline. Alkyl groups are electron-releasing; N-methylaniline is a slightly 
stronger base than aniline. 


| 
C,H,NHCH, > C,H,NH, > C,H;NHCCH, 


N-methylaniline, Aniline: Acetanilide, 

strongest base: weakest base: 

K,8 x 10719 К, 3.8 х 1079 K,1 x 1075 
pK, 9.1 pK, 9.4 pK, 15.0 


(c) Chlorine substituents are slightly electron-withdrawing, and methyl groups are slightly 
electron-releasing. 2,4-Dimethylaniline is therefore a stronger base than 2,4-dichloroaniline. 
Nitro groups are strongly electron-withdrawing, their base-weakening effect being especially 
pronounced when a nitro group is ortho or para to an amino group because the two groups are 
then directly conjugated. 


NH, NH, NH, 
CH, а NO, 
> > 
CH, cl NO, 
2,4-Dimethylaniline, 2,4-Dichloroaniline: 2,4-Dinitroaniline, 
strongest base: weakest base: 
K,8 x 10719 K,1 x 107? K,3 X 10° 
pk, 9.1 pK, 12.0 pK, 18.5 


(d) Nitro groups are more electron-withdrawing than chlorine, and the base-weakening effect of 
a nitro substituent is greater when it is ortho or para to an amino group than when it is meta 
to it. 


NH, NH, NH, 
NO, 
> > 
CI NO, 
CI Cl Cl 
3,4-Dichloroaniline, 4-Chloro-3-nitroaniline: 4-Chloro-2-nitroaniline, 
strongest base: weakest base: 
К, = 107"! K,8 х 107? K,1 x 1075 


pK, = 11 pK, 12.1 pK, 15.0 
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(e) According to the principle applied in part (a) (alkyl groups increase basicity, aryl groups 
decrease it), the order of decreasing basicity is as shown: 


(CHj),NH > С,Н,МНСН, > (C,H,),NH 


Dimethylamine, N-Methylaniline: Diphenylamine, 
strongest base: weakest base: 
K,5.1 x 1074 K,8 X 1079 K,6 X 107“ 

pK, 3.3 pK, 9.1 pK, 13.2 


22.27 Nitrogen @is the most basic and the most nucleophilic of the three nitrogen atoms of physostigmine 
and is the one that reacts with methyl iodide. 


CH, © CH 
CH, уз CH, fHs 
RN N S Ње. |. N 


© + CHI I 
о НОЕ о NHC, 
О 
Physostigmine Methyl “Physostigmine methiodide” 
iodide 


The nitrogen that reacts is the one that is a tertiary alkylamine. Of the other two nitrogens, (b) 15 
attached to an aromatic ring and is much less basic and less nucleophilic. The third nitrogen, ©, is 
an amide nitrogen; amides are less nucleophilic than amines. 


22.28 (а) Looking at the problem retrosynthetically, it can be seen that a variety of procedures are avail- 
able for preparing ethylamine from ethanol. The methods by which a primary amine may be 
prepared include 


~ 


О 


> NCH,CH, 


O 


Gabriel synthesis 


> CHCHN, 


Reduction of 
an azide 


CH,CH,NH, 
| 
CH,CH 


U 


Reductive 
amination 


= | 
CH,CNH, 


Reduction of 
C an amide 
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Two of these methods, the Gabriel synthesis and the preparation and reduction of the 
corresponding azide, begin with ethyl bromide. 


PBr, 
CH,CH,OH інв o^ CH,CH,Br 
Ethanol Ethyl bromide 
O O 
РЕН H,NNH, 
CH,CH,Br + мк NCH,CH, ———-— CH,CHNH, 
О О 
Ethyl N-Potassiophthalimide N-Ethylphthalimide Ethylamine 
bromide 
NaN, 1. LiAlH, 
CH,CH,Br ОП ОН но CH,CH,NH, 
Ethyl Ethyl azide Ethylamine 
bromide 


To use reductive amination, we must begin with oxidation of ethanol to acetaldehyde. 


| 
РСС огРОС 
CH,CH,OH cH, ^ CH,CH 
Ethanol Acetaldehyde 
O 
| МН», H,, Ni 


CHCH ———— . CH,CHNH, 
Acetaldehyde Ethylamine 


Another possibility is reduction of acetamide. This requires an initial oxidation of ethanol 
to acetic acid. 


О 
K,Cr,0,, H,SO, 1. SOCI, | 1. LiAIH, 
ol 
CHICHOH ола CHCOOH ое СН,СМН, -ko CH,CH,NH, 
Ethanol Acetic acid Acetamide Ethylamine 


(b)  Acylation of ethylamine with acetyl chloride, prepared in part (a), gives the desired amide. 


О О 
|| | 


Сн,СС1 + 2CH,CH,NH, 


+ 


CH,CNHCH,CH, + CH,CH,NH, СГ 


Acetyl Ethylamine N-Ethylacetamide Ethylammonium 
chloride chloride 


Excess ethylamine can be allowed to react with the hydrogen chloride formed in the acylation 
reaction. Alternatively, equimolar amounts of acyl chloride and amine can be used in the pres- 
ence of aqueous hydroxide as the base. 


(c) Reduction of the N-ethylacetamide prepared in part (b) yields diethylamine. 


О 
|| 1. LiATH, 
CH,CNHCH,CH, -ypo —  CH,CH,NHCH,CH, 


N-Ethylacetamide Diethylamine 
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Diethylamine can also be prepared by reductive amination of acetaldehyde [from part (a)] 
with ethylamine. 


| H,, Ni 
CH,CH + CH,CH,NH, лави CH,CHNHCH;CH, 
Acetaldehyde Ethylamine Diethylamine 


(d) The preparation of N,N-diethylacetamide is a standard acylation reaction. The reactants, 
acetyl chloride and diethylamine, have been prepared in previous parts of this problem. 


| - 
CH,CC] + (CH,CH,),NH HO 


|| 
CH,CN(CH,CH,), 


Acetyl Diethylamine N,N-Diethylacetamide 
chloride 


(e)  Triethylamine arises by reduction of N,N-diethylacetamide or by reductive amination. 


|| 1. LiAlH, 
CH,CN(CH;CH), 729 


(CH,CH,),N 


N,N-Diethylacetamide Triethylamine 


2, 


| Hy, Ni 
CHCH + (CH,CH,),;NH == (CH,CH,),N 
NaBH,CN 
Acetaldehyde Diethylamine Triethylamine 


(f) Quaternary ammonium halides are formed by reaction of alkyl halides and tertiary amines. 


CH,CH,Br + (CH,CH,),N (CH,CH,),N Br 


Ethyl bromide Triethylamine Tetraethylammonium 
bromide 


22.29 (a) In this problem a primary alkanamine must be prepared with a carbon chain extended by one 
carbon. This can be accomplished by way of a nitrile. 


RCH,NH, > RCN E> RBr > ROH 


(R— = CH,CH,CH,CH,—) 


The desired reaction sequence is therefore 


NaCN 


PBr 
CH,CH,CH,CH,OH = CH,CH,CH,CH,Br CH,CH,CH,CH,CN 
1-Butanol i Butyl bromide Pentanenitrile 
1. LiAIH, 
2. H,O 
CH,CH,CH,CH,CH,NH, 


1-Pentanamine 
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(b) The carbon chain of tert-butyl chloride cannot be extended by a nucleophilic substitution 
reaction; the S42 reaction that would be required on the tertiary halide would not work. The 
sequence employed in part (a) is therefore not effective in this case. The best route is car- 
boxylation of the Grignard reagent and subsequent conversion of the corresponding amide to 
the desired primary amine product. 


О 


[ 
(CH,),CCH,NH, > (CHj4CCNH, > (CH,),;CCO,H > (CHj4CCI 


The reaction sequence to be used is 


1. Mg, diethyl ether 


(СНУСС | со (CH,),CCOH 
3. H,0* : ; 
tert-Butyl | 2,2-Dimethylpropanoic 
chloride acid 


Once the carboxylic acid has been obtained, it is converted to the desired amine by reduction 
of the corresponding amide. 


1. SOCI, || 1. LiAIH, 


(CH,),CCO,H NE (CH,),CCNH, a (CH,),CCH,NH, 
2,2-Dimethylpropanoic 2,2-Dimethylpropanamide 2,2-Dimethyl-1- 
acid propanamine 


(c) Oxidation of cyclohexanol to cyclohexanone gives a compound suitable for reductive 


amination. 
CH,NH,, 
K,Cr,0, H,, Ni 
OH taco: ao” О ~ NHCH, 
CH,NH,, 
NaBH,CN Е 
Cyclohexanol Cyclohexanone N-Methylcyclohexylamine 


(d) The desired product is the reduction product of the cyanohydrin of acetone. 


OH OH 
| 1. LiAIH, | 
Е но 7 = 
CN СИН, 
Acetone 1-Amino-2-methyl- 
cyanohydrin 2-propanol 


The cyanohydrin is made from acetone in the usual way. Acetone is available by oxidation of 


isopropyl alcohol. 
| e 
K,Cr,0;, H,SO, KCN 
к; но CH,CCH,. “3 0. CCS 
OH CN 
Isopropyl Acetone Acetone 


alcohol cyanohydrin 
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(e) The target amino alcohol is the product of nucleophilic ring opening of 1,2-epoxypropane by 
ammonia. Ammonia attacks the less hindered carbon of the epoxide function. 


NH 
CH,CH-CH, - СН.СНСН.МН, 
NU | 
О OH 
1,2-Epoxypropane 1-Amino-2-propanol 


The necessary epoxide is formed by epoxidation of propene. 


О 
H,SO, an Bol 
О — CHCH—CH, ———+ CH,CH-CH, 
OH O 
Isopropyl Propene 1,2-Epoxypropane 
alcohol 


(f) The reaction sequence is the same as in part (e) except that dimethylamine is used as the nucleo- 
phile instead of ammonia. 


CH;CH-CH, + (CH),NH CH,CHCH,N(CH,), 
О OH 
1,2-Epoxypropane Dimethylamine 1-(N, N-Dimethylamino)- 
[prepared as in part (e)] 2-propanol 


(g) The key to performing this synthesis is recognition of the starting material as an acetal of 
acetophenone. Acetals may be hydrolyzed to carbonyl compounds. 


RA H,0* | 

о C,H,CCH, + HOCH,CH,OH 
C,H; CH, 
2-Methyl-2-phenyl- Acetophenone 1,2-Ethanediol 


1,3-dioxolane 


Once acetophenone has been obtained, it may be converted to the required product by reduc- 


tive amination. 
O 
| NaBH,CN 
C;H;CCH, + Тен, Ni 


N N 
H | 
C,H,CHCH, 
Acetophenone Piperidine N-(1-Phenylethyl)- 
piperidine 


22.30 (а) The reaction of alkyl halides with N-potassiophthalimide (the first step in the Gabriel synthe- 
sis of amines) is a nucleophilic substitution reaction. Alkyl bromides are more reactive than 
alkyl fluorides; that is, bromide is a better leaving group than fluoride. 


O O 

NK + FCH,CH,Br ——— NCH,CH,F 

О О 
N-Potassiophthalimide 1-Bromo-2- 2-Phthalimidoethyl fluoride 


fluoroethane 
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(b) In this example one bromine is attached to a primary and the other to a secondary carbon. 
Phthalimide anion is a good nucleophile and reacts with alkyl halides by the 5,2 mechanism. 


It attacks the less hindered primary carbon. 


O 
— Ne eh 
Br 
O 
O N O 
z^ E и crowded 
CH CH CH 
Í^ con 6н" 
Less crowded | 
Br N-4-Bromopentylphthalimide 


1,4-Dibromopentane (only product, 67% yield) 


(c) Both bromines are bonded to primary carbons, but branching at the adjacent carbon hinders 
nucleophilic attack at one of them. 


O 


n 
— И" 
СН 
О 3 
a Н.С Сн, More 
CH С Br crowded 
Les ФУ ?N М 
crowded Br CH, CH, 


N-4-Bromo-3,3-dimethylphthalimide 


1,4-Dibromo-2,2-dimethylbutane 
(only product, 53% yield) 


22.31 (a) Amines are basic and are protonated by hydrogen halides. 


C,H,CH,NH, Br 


C,H,CH,NH, + HBr 


Benzylammonium 


Benzylamine 
bromide 


(b) Equimolar amounts of benzylamine and sulfuric acid yield benzylammonium hydrogen 
sulfate as the product. 


C,H,CH,NH, + HOSO,OH C,H,CH,NH, ~OSO,OH 


Benzylamine Sulfuric acid Benzylammonium hydrogen 


sulfate 


(c) Acetic acid transfers a proton to benzylamine. 


| 
C,H,CH,NH, ~OCCH, 


| 
C,H,CH,NH, + CH,COH 


Benzylamine Acetic acid Benzylammonium acetate 
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(d) 


(e) 


(f) 


(g) 


(h) 


(0 


(7) 
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Acetyl chloride reacts with benzylamine to form an amide. 


| | 
2C,H,CH,NH, + СН,СС1 CH,CNHCH,C,H, + C,H.CH,NH, СГ 


Benzylamine Acetyl N-Benzylacetamide Benzylammonium 
chloride chloride 


Acetic anhydride also gives an amide with benzylamine. 


О 
| | 
CH,CNHCH,CH, + CH,CH,NH, ~OCCH, 


| 
2C,H,CH,NH, + CH,COCCH, 


Benzylamine Acetic anhydride N-Benzylacetamide Benzylammonium acetate 
Primary amines react with ketones to give imines. 


| 
C,H;CH,NH, + СН.ССН, 


(CH,),C=NCH,C,H; 


Benzylamine Acetone N-Isopropylidenebenzylamine 


These reaction conditions lead to reduction of the imine formed in part (f). The overall reac- 
tion is reductive amination. 


|| H, Ni 
C,H,CH,NH, + CH,CCH, - (CH,),CHNHCH,C,H, 


Benzylamine Acetone N-Isopropylbenzylamine 


Amines are nucleophilic and bring about the opening of epoxide rings. 


C,H,CH,NH, + выс СН, C,H,CH,NHCH,CH,OH 
О 
Benzylamine Ethylene oxide 2-(N-Benzylamino)ethanol 


In these nucleophilic ring-opening reactions the amine attacks the less sterically hindered car- 
bon of the ring. 


C,H,CH,NH, + H,G—CHCH, CeH.CH;NHCH;CHCH, 
О OH 
Benzylamine 1,2-Epoxypropane 1-(N-Benzylamino)-2-propanol 


With excess methyl iodide, amines are converted to quaternary ammonium iodides. 


C,H,CH,NH, + 3CH,I C,H,CH,N(CH,), г 


Benzylamine Methyl Benzyltrimethylammonium 
iodide iodide 


22.32 
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(k) 


(a) 


(b) 


(c) 


(d) 


(e) 


G 


(g) 


Nitrous acid forms from sodium nitrite in dilute hydrochloric acid. Nitrosation of benzylamine 
in water gives benzyl alcohol via a diazonium ion intermediate. 


NaNO,, НСІ 
H,O 


C,H,CH,NH, C.H,CH,N=N C,H,CH,OH 


-N, 

H,O 

Benzylamine Benzyldiazonium Benzyl alcohol 
ion 


Benzyl chloride will also be formed by attack of chloride on the diazonium ion. 


Aniline is a weak base and yields a salt on reaction with hydrogen bromide. 


CH,NH, + HBr C,H;NH, Br 


Aniline Hydrogen Anilinium 
bromide bromide 


Aniline acts as a nucleophile toward methyl iodide. With excess methyl iodide, a quaternary 
ammonium salt is formed. 


C,H4NH, + 3CH,I CH,NCB,), Г 


Aniline Methyl N,N,N-Trimethylanilinium 
iodide iodide 


Aniline is a primary amine and undergoes nucleophilic addition to aldehydes and ketones to 
form imines. 


| 
C,H;NH, + CH,CH 


C,H;N=CHCH, + H,O 
Aniline Acetaldehyde N-Phenylacetaldimine Water 


When an imine is formed in the presence of hydrogen and a suitable catalyst, reductive ami- 
nation occurs to give an amine. 


О 
|| н, Ni 
C,H;NH, + CH,CH C,H;NHCH,CH, 
Aniline Acetaldehyde N-Ethylaniline 


Aniline undergoes N-acylation on treatment with carboxylic acid anhydrides. 
О 
| 


О 
|| || 
C,H,NHCCH, + C,H,NH, ~OCCH, 


2C,H;NH, + CH,COCCH, 


Aniline Acetic anhydride Acetanilide Anilinium acetate 

Acyl chlorides bring about N-acylation of arylamines. 
О О 
2C,H4NH, + C,H;CCl | 


+ 


C,H;NHCC,H, + C,H;NH, СГ 


Aniline Benzoyl Benzanilide Anilinium 
chloride chloride 


Nitrosation of primary arylamines yields aryl diazonium salts. 


NaNO,, H,SO, + А 
LII > —n- 
СН5МН, —uoosc^ CoHsN=N: HSO, 
Aniline Benzenediazonium 


hydrogen sulfate 
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The replacement reactions that can be achieved by using diazonium salts are illustrated in 
parts (Л) through (л). In all cases molecular nitrogen is lost from the ring carbon to which it 
was attached and is replaced by another substituent. 


H*, H,O 
(h) (Gea? СНОН 


Phenol 


() L-9€—. сна 


Chlorobenzene 


D CuBr 
г СНВ: 


Bromobenzene 


C.H;N=N: HSO (к) 1 СНС 


Benzenediazonium Benzonitrile 
hydrogen sulfate 


HPO, 
(D г СЖ 
Benzene 
KI 
(т) Е CHI 
Iodobenzene 
1. HBF, 
(n) 2. heat C,H;F 
Fluorobenzene 


(о) The nitrogens of an aryl diazonium salt are retained on reaction with the electron-rich ring of 


a phenol. Azo coupling occurs. 
сим-м—( он 


Benzenediazonium Phenol p-(Azophenyl)phenol 
hydrogen sulfate 


СНДЕЕМ: + CHOH 
HSO; 


(p) Azo coupling occurs when aryl diazonium salts react with N,N-dialkylarylamines. 


caN=n мен, 


Benzenediazonium N,N-Dimethylaniline p-(Azophenyl)-N, N-dimethylaniline 
hydrogen sulfate 


CH,N=N: + CHN(CH), 
HSO,” 


22.33 (a) Amides are reduced to amines by lithium aluminum hydride. 


1. ШАІН,, diethyl ether 
2. H,O 


| 
C,H;NHCCH, C,H;NHCH,CH, 


Acetanilide N-Ethylaniline 
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(b) 


(c) 


(d) 


(e) 


09 


Acetanilide is a reactive substrate toward electrophilic aromatic substitution. Ап acetamido 
group is ortho, para-directing. 


| | 
NHCCH, NHCCH, 
HNO, 
C,H;NHCCH, —н$О, ” + 
NO, 
Acetanilide o-Nitroacetanilide p-Nitroacetanilide 
Sulfonation of the ring occurs. 
| 
МНССН, 
О 
| 80, | 
C,H;NHCCH, 1:50, + ortho isomer 

SO,H 

Acetanilide p-Acetamidobenzenesulfonic acid 

Bromination of the ring takes place. 
NHCCH, 
О 
|| Br, E 
C,H;NHCCH, == + ortho isomer 
acetic acid 
Br 
Acetanilide p-Bromoacetanilide 


Acetanilide undergoes Friedel-Crafts alkylation readily. 


|| 
МНССН, 


|| AICI 
C,H,NHCCH, + (CHCC) == + ortho isomer 
C(CH4), 
Acetanilide tert-Butyl p-tert-Butyl- 
chloride acetanilide 
Friedel-Crafts acylation also is easily carried out. 
| 
NHCCH, 
O O 
|| | AICI, | 
C,H,NHCCH, + CHCC. ———— + ortho isomer 
Ü ZACH, 


Acetanilide Acetyl chloride p-Acetamidoacetophenone 
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(g) Acetanilide is an amide and can be hydrolyzed when heated with aqueous acid. Under acidic 
conditions the aniline that is formed exists in its protonated form as the anilinium cation. 


О 
| 


|| 
C,H,NHCCH, + H,O + на C.H;NH, Cl. + HOCCH, 


Acetanilide Water Hydrogen Anilinium Acetic acid 
chloride chloride 


(h) Amides are hydrolyzed in base. 


| | 
H,O 
C,H;NHCCH, + NaOH : C,H;NH, + Ма’ OCCH, 
Acetanilide Sodium Aniline Sodium acetate 
hydroxide 


22.34 (а)  Thereaction illustrates the preparation of a secondary amine by reductive amination. 


H,, Ni 
Qe oO) == Ow) 


Cyclohexanone Cyclohexylamine Dicyclohexylamine (7096) 


(b) Amides are reduced to amines by lithium aluminum hydride. 


1. LiAlH, 
AA 8 
у" 2. HO, HO | 
07 `МСН.СН, NCH,CH, 
6-Ethyl-6- 6-Ethyl-6- 
azabicyclo[3.2.1]octan-7-one azabicyclo[3.2.1]octane 


(c) Treatment of alcohols with p-toluenesulfonyl chloride converts them to p-toluenesulfonate 


esters. 
О 
pyridine | 
C,H,CH,CH,CH,OH + Н.С soca A C,H,CH,CH,CH,OS CH, 
О 
3-Phenyl-1-propanol p-Toluenesulfonyl chloride 3-Phenylpropyl p-toluenesulfonate 


p-Toluenesulfonate is an excellent leaving group in nucleophilic substitution reactions. 
Dimethylamine is the nucleophile. 


сн‹сн,сн,сн,озо,—{ Vcn. + (CH,),NH CH,CH,CH,CH,N(CH,), 
3-Phenylpropyl p-toluenesulfonate Dimethyl- N,N-Dimethyl-3-phenyl- 
amine 1-propanamine (86%) 


(d) Amines are sufficiently nucleophilic to react with epoxides. Attack occurs at the less substi- 
tuted carbon of the epoxide. 


CH,O CH,O 


E. бв 
Со нав, CHCH,NHCH(CH,), 
OCH, OCH, 
2-(2,5-Dimethoxyphenyl)oxirane Isopropylamine 1-(2,5-Dimethoxyphenyl)-2- 


(isopropylamino)ethanol (67%) 
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(e) a-Halo ketones are reactive substrates in nucleophilic substitution reactions. Dibenzylamine 
is the nucleophile. 


O 

ЈЕ“ | 
(CH,CH,)NH + CH,CCH,“Cl CH,CCH,N(CH,C,Hs), 
Dibenzylamine 1-Chloro-2-propanone 1-(Dibenzylamino)-2- 


propanone (87%) 


Because the reaction liberates hydrogen chloride, it is carried out in the presence of added 
base—in this case triethylamine—so as to avoid converting the dibenzylamine to its hydro- 
chloride salt. 

(f) Quaternary ammonium hydroxides undergo Hofmann elimination when they are heated. 
A point to be considered here concerns the regioselectivity of Hofmann eliminations: it is the 
less hindered В proton that is removed by the base giving the less substituted alkene. 


H :ÓH 
P OR CH, 
= 2 -H,O 
МЕ Рани fo PN + (CH;AN: 
is CN(CH,); Н.С CH, e 


trans-1-Isopropenyl-4- Trimethylamine 
methylcyclohexane (98%) 


CH, 
Elimination to give нс У does not occur. 
CH, 


(g) The combination of sodium nitrite and aqueous acid is a nitrosating agent. Secondary alkyl- 
amines react with nitrosating agents to give N-nitroso amines as the isolated products. 


NaNO. 
(CH,);CHNHCH(CH;), nano” ыенен 
М 
So 
Diisopropylamine N-Nitrosodiisopropylamine (91%) 


22.35 (а) Catalytic hydrogenation reduces nitro groups to amino groups. 


CH,CH, be CH,CH, 
2» 
Xa ethanol Xd 
NO, NH, 


CH,CH, CH,CH, 


1,2-Diethyl-4-nitrobenzene 3,4-Diethylaniline (93-99%) 


(b) Nitro groups are readily reduced by tin(II) chloride. 


CH, CH, 
NO, NH, 
1. SnCl,, НСІ 
2.HO 
CH, CH, 
1,3-Dimethyl-2-nitrobenzene 2,6-Dimethylaniline 


This reaction is the first step in a synthesis of the drug lidocaine. 
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(c) The amino group of arylamines is nucleophilic and undergoes acylation on reaction with 
chloroacetyl chloride. 


CH, cH | 
NH, T NHCCH,CI 
+ CICH;CCI 
CH, CH, 
2,6-Dimethylaniline Chloroacetyl N-(Chloroacetyl)- 
chloride 2,6-dimethylaniline 


Chloroacetyl chloride is a difunctional compound—it is both an acyl chloride and an alkyl 
chloride. Acyl chlorides react with nucleophiles faster than do alkyl chlorides, so that acyla- 
tion of the amine nitrogen occurs rather than alkylation. 

(d) The final step in the synthesis of lidocaine is displacement of the chloride by diethylamine 
from the a-halo amide formed in part (c) in a nucleophilic substitution reaction. 


О 
CH, | СН, | 
МНССН, С! NHCCH,N(CH,CH;), 
+ (CH,CH,),NH 
CH, CH, 
N-(Chloroacetyl)- Diethylamine Lidocaine 


2,6-dimethylaniline 


The reaction is carried out with excess diethylamine, which acts as a base to neutralize the 
hydrogen chloride formed. 

(e) For use as an anesthetic, lidocaine is made available as its hydrochloride salt. Of the two 
nitrogens in lidocaine, the amine nitrogen is more basic than the amide. 


сњ 7 CH, 
NHCCH,N(CH,CH;), NHCCH,N(CH,CH,), СГ 
H 
CH, CH, 
Lidocaine Lidocaine hydrochloride 


(f) Lithium aluminum hydride reduction of amides is one of the best methods for the preparation 
of amines, including arylamines. 


| | 1. LiAIH, 
CH,NHCCH,CH,CH, == CsHsNHCH,CH,CH,CH, 
у 


N-Phenylbutanamide N-Butylaniline (92%) 


(e)  Arylamines react with aldehydes and ketones in the presence of hydrogen and nickel to give 
the product of reductive amination. 


н, Ni 


| 
C,H;NH, + CH,(CH,);CH  ———— C,H,NHCH,(CH,)<CH, 


Aniline Heptanal N-Heptylaniline (65%) 
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(h) 


© 


G) 


EG ma M 


4-Amino-4'-bromobiphenyl 


(k) 


(0) 
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Acetanilide is a reactive substrate toward electrophilic aromatic substitution. On reaction with 
chloroacetyl chloride, it undergoes Friedel-Crafts acylation, primarily at its para position. 


О О О О 
| | AICI, || || 
CH,CNH + CICH;CCI CH,CNH CCH,Cl 
Acetanilide Chloroacetyl p-Acetamidophenacyl chloride 
chloride (79-83%) 


Acylation, rather than alkylation, occurs. Acyl chlorides are more reactive than alkyl chlorides 
toward electrophilic aromatic substitution reactions as a result of the more stable intermediate 
(acylium ion) formed. 

Reduction with iron in hydrochloric acid is one of the most common methods for converting 
nitroarenes to arylamines. 


в \ 4 NO, 


1. Fe, НС 
2. HO 


Br“ > é NH, 


4-Bromo-4’ -nitrobipheny] 4-Amino-4’-bromobipheny] (94%) 


Primary arylamines are converted to aryl diazonium salts on treatment with sodium nitrite in 
aqueous acid. When the aqueous acidic solution containing the diazonium salt is heated, a 
phenol is formed. 


NaNO,, H,SO, 
> 


а / N Ум 


ноа р В; f \ Ой 


4-Bromo-4'-hydroxybiphenyl (85%) 


This problem illustrates the conversion of an arylamine to an aryl chloride by the Sandmeyer 
reaction. 


NH, N=N: ca 
NO, 


2,6-Dinitroaniline 2-Chloro-1,3- 


dinitrobenzene (71-74%) 


Diazotization of primary arylamines followed by treatment with copper(I) bromide converts 
them to aryl bromides. 


+ 
NH, N=N: Br 
NaNO,, HBr CuBr 
— 
H,O (-N,) 
т Вг Вг 


m-Dibromobenzene 
(80-87%) 


m-Bromoaniline 


(m) Nitriles are formed when aryl diazonium salts react with copper(I) cyanide. 


NO NO 
5 CuCN = 
+ ( SEE Nj) 
N=N: CN 
o-Nitrobenzonitrile 
(87%) 


o-Nitroaniline 
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(n) An aryl diazonium salt is converted to an aryl iodide on reaction with potassium iodide. 


ду, = Sas sal 4. == 9, 


2,6-Diiodo- 1,2,3-Triiodo- 
4-nitroaniline 5-nitrobenzene 
(94-95%) 


(о) Aryl diazonium fluoroborates are converted to aryl fluorides when heated. Both diazonium 
salt functions in the starting material undergo this reaction. 


{У / \ NEN: 2BF, newt OF am E F 


4,4' -Bis(diazonio)biphenyl fluoroborate 4,4'-Difluorobiphenyl (82%) 


(p) Hypophosphorous acid (H4PO,) reduces aryl diazonium salts to arenes. 


NH, 
ON NO, ом NO, 
Мако, H,SO, 

H,O, ЊРО, 

NO, NO; 
2,4,6-Trinitroaniline 1,3,5- Trinitrobenzene 


(60-65%) 


(q) Ethanol, like hypophosphorous acid, is an effective reagent for the reduction of aryl diazo- 


nium salts. 
CO.H COH CO,H 
NH, NEN: 
NaNO,, НСІ CH,CH,OH 
————— ————————» 
H,O 
I I I 
2-Amino-5- m-lodobenzoic acid 
iodobenzoic acid (86-93%) 


(r)  Diazotization of aniline followed by addition of a phenol yields a bright-red diazo-substituted 
phenol. The diazonium ion acts as an electrophile toward the activated aromatic ring of the 


phenol. 
OH 
HC CH, OH 
Н.С CH, 
NaNO,, H,SO, + _ HC 
СНМН, io СНМЕЕМ: HSO, 
Н.С 
N=NC,H; 
Aniline Benzenediazonium 2,3,6-Trimethyl-4- 


hydrogen sulfate (phenylazo)phenol (98%) 
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(s)  Nitrosation of N,N-dialkylarylamines takes place on the ring at the position para to the 
dialkylamino group. 


О 
NaNO,, НСІ, H,O # 
(СН,),№ —————— (CH,),N N 


CH, CH, 


№, N-Dimethyl-m-toluidine 3-Methyl-4-nitroso-N, N- 
dimethylaniline (83%) 


22.36 (а) 4-Methylpiperidine can participate in intermolecular hydrogen bonding in the liquid phase. 


ee a ux 


These hydrogen bonds must be broken in order for individual 4-methylpiperidine molecules 
to escape into the gas phase. N-Methylpiperidine lacks a proton bonded to nitrogen and so 
cannot engage in intermolecular hydrogen bonding. Less energy is required to transfer a mol- 
ecule of N-methylpiperidine to the gaseous state, and therefore it has a lower boiling point 
than 4-methylpiperidine. 


CH, 


N-Methylpiperidine; 
no hydrogen bonding possible 
to other N-methylpiperidine molecules 


(b) Тһе two products are diastereomeric quaternary ammonium chlorides that differ in the con- 
figuration at the nitrogen atom. 


C(CH,), Н H 
C,H,CH,CI C(CH C(CH 
652 Иа ( 3)3 + СеН,СН,- + ( 3)3 
N 1 1 
б; C,H.CH, Gr CH, cr 


4-tert-Butyl-N- 
methylpiperidine 


(c)  Tetramethylammonium hydroxide cannot undergo Hofmann elimination. The only reaction 
that can take place is nucleophilic substitution. 


p,c, CHs Heo 
Ау Saa = m 
„Мен, :ӧн Ni + CHOH 
Н.С Н.С 
Tetramethylammonium Trimethylamine Methanol 


hydroxide 
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(d) The key intermediate in the reaction of an amine with nitrous acid is the corresponding dia- 
zonium ion. 


NaNO,, НСІ 
H,O 


CH,CH,CH,NH, CH,CH,CH,—N=N: 


1-Propanamine Propyldiazonium ion 


Loss of nitrogen from this diazonium ion is accompanied by a hydride shift to form a sec- 
ondary carbocation. 


+ 
CH,CHEH, CN=n: > CH,CHCH, + :N=N: 
H 
Propyldiazonium ion Isopropyl Nitrogen 


cation 


Capture of isopropyl cation by water yields the major product of the reaction, 2-propanol. 


CH,CHCH, + H,O 


CH,CHCH, ИУ + Ht 
Ге ОН 
TN 
Isopropyl Water H H 2-Propanol 


cation 


22.37 Alcohols are converted to p-toluenesulfonate esters by reaction with p-toluenesulfonyl chloride. 
None of the bonds to the stereogenic center is affected in this reaction. 


CH,(CH,), Н CH,(CH,), Н 


“Сон + uc-( 50а LIE. N OSO, / \ CH, 
/ / = 


H,C Н.С 


(S)-2-Octanol p-Toluenesulfonyl chloride (S)-1-Methylheptyl p-toluenesulfonate 
(compound A) 


Displacement of the p-toluenesulfonate leaving group by sodium azide in ап S42 process and pro- 
ceeds with inversion of configuration. 


CH,(CH,), H H 
M з( Me T ZEN "n i у (CH3CH; _ 
NSN SN eel OSO, CH, > ММС + 080, CH, 
Н.С s CH, 
(S)-1-Methylheptyl p-toluenesulfonate (R)-1-Methylheptyl azide 
(compound A) (compound B) 


Reduction of the azide yields a primary amine. A nitrogen-nitrogen bond is cleaved; all the bonds to 
the stereogenic center remain intact. 


H H 
Pe И i (CH) CH, 1. LiAIH, M i (CH)CH, 
CH, CH, 
(R)-1-Methylheptyl azide (R)-2-Octanamine 
(compound B) (compound C) 


22.38 (a) The overall transformation can be expressed as RBr > RCH;NH,. In many cases this can be 
carried out via a nitrile, as RBr > RCN — RCH,NH.. In this case, however, the substrate 15 
1-bromo-2,2-dimethylpropane, an alkyl halide that reacts very slowly in nucleophilic substi- 
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tution processes. Carbon-carbon bond formation with 1-bromo-2,2-dimethylpropane can be 
achieved more effectively by carboxylation of the corresponding Grignard reagent. 


1. Mg 
(CHj,CCH,Br —5с0—*  (CH);CCH,CO,H 
3.H40* а : 
1-Bromo-2,2- 3,3-Dimethylbutanoic 
dimethylpropane acid (63%) 


The carboxylic acid can then be converted to the desired amine by reduction of the derived 


amide. 
O 
1. SOCI, | 1. АН, 
(CH,),CCH,CO,H == (CH,),CCH,CNH, — 15 (CH,),CCH,CH,NH, 
Е Ан 80 
3,3-Dimethylbutanoic 3,3-Dimethylbutanamide 3,3-Dimethyl-1-butanamine 
acid (51%) (57%) 


The yields listed in parentheses are those reported in the chemical literature for this synthesis. 
(b) Consider the starting materials in relation to the desired product. 


О 
| 
HC=CHCH)CH М 7] > H,C=CH(CH,),COH + D 


H 


N-(10-Undecenyl)pyrrolidine 10-Undecenoic acid Pyrrolidine 


The synthetic tasks are to form the necessary carbon-nitrogen bond and to reduce the carbonyl 
group to a methylene group. This has been accomplished by way of the amide as a key inter- 
mediate. 


О 
| 1. SOCI, | 1. ПАН. 
H,C—CH(CH,;),COH 2. pyrrolidine H,C—CH(CH,4,C—N но ^ H,C—CH(CH,),CH,—N 


10-Undecenoic acid N-(10-Undecenoyl)pyrrolidine (75%) N-(10-Undecenyl)pyrrolidine (66%) 


A second approach utilizes reductive amination following conversion of the starting car- 
boxylic acid to an aldehyde. 


[e 
1. LiAIH, PCC or PDC | 
H,C—CH(CH,),CH 


|| 
H,C—CH(CHj,COH но H,C—=CH(CH,)s;CH,OH CH,Cl, 


10-Undecenoic acid 10-Undecen-1-ol 10-Undecenal 


The reducing agent in the reductive amination process cannot be hydrogen, because that 
would result in hydrogenation of the double bond. Sodium cyanoborohydride is required. 


О 
| NaBH,CN 
H,C=CH(CH,),CH + 52 ————— H,C=CH(CH,),CH,—N 
H 
10-Undecenal Pyrrolidine N-(10-Undecenyl)pyrrolidine 


(c) It is stereochemistry that determines the choice of which synthetic method to employ in in- 
troducing the amine group. The carbon-nitrogen bond must be formed with inversion of 
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configuration at the alcohol carbon. Conversion of the alcohol to its p-toluenesulfonate ester en- 
sures that the leaving group is introduced with exactly the same stereochemistry as the alcohol. 


ridine 
è & uc У зоа Во, CJ 
CHO он CHO. oso усн, 


cis-2-Phenoxycyclo- p-Toluenesulfonyl cis-2-Phenoxycyclopentyl 
pentanol chloride p-toluenesulfonate 


Once the leaving group has been introduced with the proper stereochemistry, it can be dis- 
placed by a nitrogen nucleophile suitable for subsequent conversion to an amine. 


NaN, 1. LiAlH, 
2. HO 
CALO ово. -( Scu, CHO N, CHO мн, 


cis-2-Phenoxycyclopentyl trans-2-Phenoxycyclo- trans-2-Phenoxycyclo- 
p-toluenesulfonate pentyl azide (9096) pentylamine 


(As actually reported, the azide was reduced by hydrogenation over a palladium catalyst, and 
the amine was isolated as its hydrochloride salt in 66% yield.) 
(d) Recognition that the primary amine is derivable from the corresponding nitrile by reduction, 


CéH,CH,NCH,CH,CH,CHNH, > = 
CH, CH, 


and that the necessary tertiary amine function can be introduced by a nucleophilic substitution 
reaction between the two given starting materials suggests the following synthesis. 


1. LiAIH 
сен ни +  BrCH,CH,CH,CN CeHsCH,NCH,CH,CH,CN = снн Ен нн ннн; 
+ 
CH, CH, CH, 
N-Methylbenzylamine 4-Bromobutanenitrile N-Benzyl-N-methyl-1,4-butanediamine 


Alkylation of N-methylbenzylamine with 4-bromobutanenitrile has been achieved in 92% 
yield in the presence of potassium carbonate as a weak base to neutralize the hydrogen bro- 
mide produced. The nitrile may be reduced with lithium aluminum hydride, as shown in the 
equation, or by catalytic hydrogenation. Catalytic hydrogenation over platinum gave the de- 
sired diamine, isolated as its hydrochloride salt, in 9096 yield. 

(e) The overall transformation may be viewed retrosynthetically as follows: 


ArCH,N(CH,), [> ArCH,Br [> ArCH, 


The sequence that presents itself begins with benzylic bromination with N-bromosuccinimide. 


N-bromosuccinimide 

NC 5 CH, | > NC f \ CH,Br 
3 benzoyl peroxide, CCl, 

heat 


p-Cyanotoluene p-Cyanobenzyl bromide 
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The reaction shown in the equation has been reported in the chemical literature and gave the 
benzylic bromide in 60% yield. 
Treatment of this bromide with dimethylamine gives the desired product. (The isolated 


yield was 83% by this method.) 
ne сн + (CH,),NH nc cuc, 


p-Cyanobenzyl bromide Dimethylamine p-Cyano-N,N-dimethylbenzylamine 


22.39 (а) This problem illustrates the application of the Sandmeyer reaction to the preparation of aryl 
cyanides. Diazotization of p-nitroaniline followed by treatment with copper(I) cyanide con- 
verts it to p-nitrobenzonitrile. 


NH, CN 
1. NaNO,, HCI, H,O 
2. CuCN 
NO, NO, 
p-Nitroaniline p-Nitrobenzonitrile 


(b) An acceptable pathway becomes apparent when it is realized that the amino group in the prod- 
uct is derived from the nitro group of the starting material. Two chlorines are introduced by 
electrophilic aromatic substitution, the third by a Sandmeyer reaction. 


CI CI NH, NH, 
CI CI | CI CI | “or 
NH, NO, NO, NO, 


Two of the required chlorine atoms can be introduced by chlorination of the starting material, 
p-nitroaniline. 


NH, NH, 
* cl cl 
Cl, 
— s 
NO, NO, 
p-Nitroaniline 2,6-Dichloro-4- 
nitroaniline 


The third chlorine can be introduced via the Sandmeyer reaction. Reduction of the nitro group 
completes the synthesis of 3,4,5-trichloroaniline. 


NH, 
Cl Cl 
2. NaNO», HCI, HO _ лесе 
са о CuCl 
NO, 
2,6-Dichloro-4- 1,2,3-Trichloro-5- 3,4,5-Trichloroaniline 
nitroaniline nitrobenzene 


The reduction step has been carried out by hydrogenation with a nickel catalyst in 70% yield. 
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(c) 


(d) 


(е) 


2240 (а) 


(b) 


AMINES 


The amino group that is present in the starting material facilitates the introduction of the 
bromine substituents, and is then removed by reductive deamination. 


NH, NH, 
Br Br Br Br 
Br, 1. NaNO,, H,O, H* 
acetic acid 2. ethanol 
NO, NO, NO, 
p-Nitroaniline 2,6-Dibromo-4- 1,3-Dibromo-5- 
nitroaniline nitrobenzene 
(95%) (70%) 


Hypophosphorous acid has also been used successfully in the reductive deamination step. 
Reduction of the nitro group of the 1,3-dibromo-5-nitrobenzene prepared in the preceding part 
of this problem gives the desired product. The customary reducing agents used for the reduc- 
tion of nitroarenes would all be suitable. 


Br. Br Br. Br 


NO, NH, 


1,3-Dibromo-5-nitrobenzene 
[prepared from p-nitroaniline as in part (c)] 


3,5-Dibromoaniline 
(8096) 


The synthetic objective is 
| 


но– 7) мнссн, 


p-Acetamidophenol 


This compound, known as acetaminophen and used as an analgesic to reduce fever and 
relieve minor pain, may be prepared from p-nitroaniline by way of p-nitrophenol. 


H, 


1. NaNO,, H,O, H,SO, 
2. heat 


1. reduce 
2. acetylate 


HNCCH, 


| 
Ó 


p-Acetamidophenol 


O, NO, 


p-Nitroaniline p-Nitrophenol 


Any of the customary reducing agents suitable for converting aryl nitro groups to arylamines 
(Fe, HCI; Sn, HCl; Н», Ni) may be used. Acetylation of p-aminophenol may be carried out 
with acetyl chloride or acetic anhydride. The amino group of p-aminophenol is more nucle- 
ophilic than the hydroxyl group and is acetylated preferentially. 


Replacement of an amino substituent by a bromine is readily achieved by the Sandmeyer 
reaction. 


OCH, OCH, 


NH, Br 
1. NaNO,, HBr, H,O 


2. CuBr 


o-Anisidine o-Bromoanisole (88-93%) 


This conversion demonstrates the replacement of an amino substituent by fluorine via the 
Schiemann reaction. 
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OCH, OCH, OCH, 
+ 
NH, N=N: F 

1. NaNO,, HCl, H,O heat 
> 
2. НВЕ, ВЕ, 

o-Anisidine o-Methoxybenzenediazonium o-Fluoroanisole 

fluoroborate (57%) (53%) 


(c) We can use the o-fluoroanisole prepared in part (b) to prepare 3-fluoro-4-methoxyaceto- 
phenone by Friedel-Crafts acylation. 


OCH, OCH, OCH, 
оо 
NH, F NI F 
as in part (b) CH,COCCH, 
—— с 
AICI, 
CCH 
27 3 
of 
o-Anisidine o-Fluoroanisole 3-Fluoro-4-methoxyacetophenone 
(70-80%) 


Remember from Section 12.16 that it is the more activating substituent that determines the 
regioselectivity of electrophilic aromatic substitution when an arene bears two different sub- 
stituents. Methoxy is a strongly activating substituent; fluorine is slightly deactivating. 
Friedel-Crafts acylation takes place at the position para to the methoxy group. 

(d) The o-fluoroanisole prepared in part (b) serves nicely as a precursor to 3-fluoro-4-methoxy- 
benzonitrile via diazonium salt chemistry. 


OCH, OCH, OCH, OCH, 
NH, NO, 


CN [from part (5)] 


The desired sequence of reactions to carry out the synthesis is 


OCH, OCH, OCH, OCH, 
NH, F F F 
as in part (b) HNO, Н,, Pt 
— — ~o > 
NO, NH, 
o-Anisidine o-Fluoroanisole 2-Fluoro-4- 4-Amino-2- 
nitroanisole fluoroanisole 
(53%) (85%) 
1. NaNO,, HCI, H,O 
2. Сисм 
Y 
OCH, 
F 
a 
Su. 
CN 
3-Fluoro-4- 


methoxybenzonitrile (46%) 
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Conversion of o-fluoroanisole to 4-amino-2-fluoroanisole proceeds in the conventional way 
by preparation and reduction of a nitro derivative. Once the necessary arylamine is at hand, it 
is converted to the nitrile by a Sandmeyer reaction. 

(e)  Diazotization followed by hydrolysis of the 4-amino-2-fluoroanisole prepared as an interme- 
diate in part (d) yields the desired phenol. 


OCH, OCH, OCH, 
NH, F F 
as in part (d) 1. NaNO,, H,SO,, H,O 
mM à > 
2. heat 
NH, OH 
o-Anisidine 4-Amino-2- 3-Fluoro-4- 
fluoroanisole methoxyphenol 
(70%) 


22.41 (а) The carboxyl group of p-aminobenzoic acid can be derived from the methyl group of 
p-methylaniline by oxidation. First, however, the nitrogen must be acylated so as to protect the 
ring from oxidation. 


CO,H COH CH, 
NH, AB CIE NH, 
Ó 
p-Aminobenzoic p-Methylaniline 
acid 


The sequence of reactions to be used is 


H, CH, CO.H CO,H 
үү 
CH,COCCH, K;Cr;O;, H,SO, 1. HCI, HO 
— > — ———= 
H,O, heat 2. neutralize 
H, иге HN HS NH, 
p-Methylaniline p-Methylacetanilide p-Acetamido- p-Amino- 
benzoic acid benzoic acid 


(b) Attachment of fluoro and propanoyl groups to a benzene ring is required. The fluorine sub- 
stituent can be introduced by way of the diazonium tetrafluoroborate, the propanoyl group by 
way of a Friedel-Crafts acylation. Because the fluorine substituent is ortho, para-directing, 
introducing it first gives the proper orientation of substituents. 


F F NH, 
2ССН.СН: 
О 
Ethyl p-fluorophenyl Fluorobenzene Aniline 


ketone 
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Fluorobenzene is prepared from aniline by the Schiemann reaction, shown in Section 22.18. 
Aniline is, of course, prepared from benzene via nitrobenzene. Friedel—Crafts acylation of 
fluorobenzene has been carried out with the results shown and gives the required ethyl 
p-fluorophenyl ketone as the major product. 


F F 


AICI, 


|| 
+  CH,CH,CCI 


„ССН,Сн, 
О 
Fluorobenzene Propanoyl Ethyl p-fluorophenyl 
chloride ketone (86%) 


(c) Our synthetic plan is based on the essential step of forming the fluorine derivative from an 
amine by way of a diazonium salt. 


Br 


Br 
F | | ` Н, | | ` Н, 
H,C CH, H,C CH, H,C CH, 


1-Bromo-2-fluoro- 2,4-Dimethylaniline 
3,5-dimethylbenzene 


The required substituted aniline is derived from m-xylene by a standard synthetic sequence. 


NO, NH, 
HNO, 1. Fe, HCl 
Н.С CH, Н.С CH, Н.С CH, 


m-Xylene 1,3-Dimethyl-4- 2,4-Dimethylaniline 
nitrobenzene (9896) 


Вг, 
Y 
Br Br 
F ru Z | NH, 
2. HBF 
H,C CH, 3: heat. H,C D CH, 
1-Bromo-2-fluoro- 2-Bromo-4,6-dimethylaniline 


3,5-dimethylbenzene (60%) 


(d) Inthis problem two nitrogen-containing groups of the starting material are each to be replaced 
by a halogen substituent. The task is sufficiently straightforward that it may be confronted 


directly. 
Replace amino group by bromine: 
NH, Br 
CH, CH, 
1. NaNO), HBr, H,O 
м 
МО, МО, 
2-Methyl-4-nitro-1- ]-Bromo-2-methyl-4- 


naphthylamine nitronaphthalene (8296) 
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Reduce nitro group to amine: 


Br Br 
CH, CH, 
CC nm CIC 
ED ADT EE d 
2.HO 

NO, NH, 
1-Bromo-2-methyl- 4-Bromo-3-methyl- 
4-nitronaphthalene 1-naphthylamine 


Replace amino group by fluorine: 


Br 
CH, 1. NaNO,, HCl, CH, 
de n Ne. 0- 5°C 
OLHBF, — ^ HBF, 
3. heat 
NH, 


4-Bromo-3-methyl- 1-Bromo-4-fluoro-2- 
1-naphthylamine methylnaphthalene 
(64%) 


(e)  Bromination of the starting material will introduce the bromine substituent at the correct 
position, that is, ortho to the tert-butyl group. 


C(CH,), C(CH,), 
Br 
Вл, Fe 
—————— 
NO, NO, 
p-tert-Butyl- 2-Bromo-1-tert- 
nitrobenzene butyl-4-nitrobenzene 


The desired product will be obtained if the nitro group can be removed. This is achieved by its 
conversion to the corresponding amine, followed by reductive deamination. 


C(CH,), C(CH,), C(CH,), 
Br Br Br 
H, Ni 1. NaNO,, H 
=> 
(or other appropriate 2. Н,РО, 
reducing agent) 
NO, NH, 

2-Bromo-1-ftert- 3-Bromo-4-tert- o-Bromo-tert- 
butyl-4-nitrobenzene butylaniline butylbenzene 


(f) The proper orientation of the chlorine substituent can be achieved only if it is introduced after 
the nitro group is reduced. 


C(CH,), C(CH,), C(CH,), C(CH,); 
CI | CI | - | 4 
NH, NH, NO, 


The correct sequence of reactions to carry out this synthesis is shown. 
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C(CH,), C(CH,), C(CH,), C(CH,), 
H,, Ni acetic anhydride Cl, 
> — > 
Cl 
NO, NH, N тј Бате 
O 
p-tert-Butyl- p-tert-Butyl- p-tert-Butyl- 4-tert-Butyl-2- 
nitrobenzene aniline acetanilide chloroacetanilide 
hydrolysis to 
remove acetyl 
group 
С(СН,)» С(СН,)» 
1. NaNO,, H* 
AL se ut 
2. Н.РО, 
Cl Cl 
NH, 
m-tert-Butyl- 4-tert-Butyl-2- 
chlorobenzene chloroaniline 


(e) The orientation of substituents in the target molecule can be achieved by using an amino group 
to control the regiochemistry of bromination, then removing it by reductive deamination. 


NH, NH, 
CH4CH, | Br СН.СН.. Br | CH;CH, 
СЊСН, СН.СН, СН.СН, 
The amino group is introduced in the standard fashion by nitration of an arene followed by 
reduction. 
This analysis leads to the synthesis shown. 
NO, NH, 
CH,CH, CH,CH, CH,CH, 
HNO, H,, Ni 
ethanol 
СН.СН, СЊСН, СЊСН, 
m-Diethylbenzene 2,4-Diethyl-1-nitrobenzene 2,4-Diethylaniline 
(75-80%) (80-90%) 
Br, 
M 
NH, 
CH,CH, Br CH4CH, Z Br 
1. NaNO,, Н”, H,O | 
2. H,PO, EN 
CH,CH, CH,CH, 
1-Bromo-3,5- 2-Bromo-4,6- 


diethylbenzene (70%) diethylaniline (40%) 
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(ћу In this exercise the two nitrogen substituents are differentiated; one is an amino nitrogen, the 
other an amide nitrogen. By keeping them differentiated they can be manipulated indepen- 
dently. Remove one amino group completely before deprotecting the other. 


O O 

Teil | 
NHCCH, " NHCCH, 
1. NaNO,, H*, H,O i 

2. Н.РО, 
H,N Br Br 
4-Amino-2-bromo-6- 2-Bromo-6-(trifluoromethyl)- 
(trifluoromethyl)acetanilide acetanilide (9296) 


Once the acetyl group has been removed by hydrolysis, the molecule is ready for introduction 
of the iodo substituent by way of a diazonium salt. 


O 
CF, | СЕ, СЕ, 
МНССН, 1. на, H,O МН, 1. NaNO,, I 
heat НСІ, H,O 
2. HO™ 2. KI 
Br Br Br 
2-Bromo-6-(trifluoromethyl)- 2-Bromo-6-(trifluoromethyl)- 1-Bromo-2-iodo-3- 
acetanilide aniline (69%) (trifluoromethyl)benzene 
(8796) 


(i) To convert the designated starting material to the indicated product, both the nitro group and the 
ester function must be reduced and a carbon-nitrogen bond must be formed. Converting the 
starting material to an amide gives the necessary carbon-nitrogen bond and has the advantage 
that amides can be reduced to amines by lithium aluminum hydride. The amide can be formed 
intramolecularly by reducing the nitro group to an amine, then heating to cause cyclization. 


O O 
|| || 
CH,COCH, CH,COCH, NH 
Н, heat 
по IL) {$y вв 
CHO ON CHO HN CH,O 
1. LiAIH, 
2. H,O 
NH 
o $4) 


CH,O 


This synthesis is the one described in the chemical literature. Other routes are also possible, 
but the one shown is short and efficient. 
22.42 Weakly basic nucleophiles react with a,8-unsaturated carbonyl compounds by conjugate addition. 
О 
GO CR 
Y 


|| 
НУ: + R,C—CHCR' 
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Ammonia and its derivatives are very prone to react in this way; thus conjugate addition provides a 
method for the preparation of B-amino carbonyl compounds. 


(a) 
|| | 
(CHj,C—CHCCH, + NH, (CH). CCH.CCH, 
NH, 
4-Methyl-3-penten-2-one Ammonia 4-Amino-4-methyl-2- 
pentanone (63-70%) 
(b) 
Оне — Ox 
© 
2-Cyclohexenone Piperidine 3-Piperidinocyclo- 
hexanone (45%) 

(c) 

О О 

| у | 

C,H,;CCH=CHC.H, + HN 0 C,H,CCH,CHC,H, 
И | 
E 
О 
1,3-Diphenyl-2- Morpholine 3-Morpholino-1,3-diphenyl- 
propen-1-one 1-ргорапопе (91%) 


(d) The conjugate addition reaction that takes place in this case is an intramolecular one and 
occurs in virtually 100% yield. 


(CH),CH; 
[e [e 
„Он - 
NH, CH, | 
j Us —— N. (CH,),CH, 
CH; * 


22.43 The first step in the synthesis is the conjugate addition of methylamine to ethyl acrylate. Two 
sequential Michael addition reactions take place. 


| | 
CH,NH, + H,C=CHCOCH,CH, 


CH,NHCH,CH,COCH,CH, 


Methylamine Ethyl acrylate 
H,C=CHCO,CH,CH, 


CH,N(CH,CH,CO,CH,CH,), 
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Conversion of this intermediate to the desired N-methyl-4-piperidone requires a Dieckmann 
cyclization followed by decarboxylation of the resulting B-keto ester. 


О OCH,CH, 
сњењос 0=с | О О 
Б Tias 1. NaOCH,CH, OCH 1.HO^, H,O 
2.H* 2.H* 
EUH т 3. heat т 
| H H 
CH, ux CH; 
N-Methyl-4- 


piperidone 


Treatment of N-methyl-4-piperidone with the Grignard reagent derived from bromobenzene gives 
a tertiary alcohol that can be dehydrated to an alkene. Hydrogenation of the alkene completes the 


synthesis. 
О C,H; OH C.H; C.H; 
1. diethyl ether Ht < H,, Pt 
> 
+ CULMBEO LIS —— ——— 
| | | | 
CH, CH, CH, CH, 
N-Methyl-4- — Phenylmagnesium N-Methyl-4- 
piperidone bromide phenylpiperidine 
(compound A) 


22.44 Sodium cyanide reacts with alkyl bromides by the S,2 mechanism. Reduction of the cyano group 
with lithium aluminum hydride yields a primary amine. This reveals the structure of mescaline to be 
2-(3,4,5-trimethoxyphenyl)ethylamine. 


CH,O CH,O CH,O 
NaCN 1. ШАІН, 
CH,O CHBr —““~~ СНО CILEN: нс CH,O CH,CH,NH, 
CH,O CH,O CHO 
3,4,5- Trimethoxybenzyl 2-(3,4,5- Trimethoxyphenyl)- 2-(3,4,5- Trimethoxyphenyl)ethylamine 
bromide ethanenitrile (mescaline) 


22.45  Reductive amination of a ketone with methylamine yields a secondary amine. Methamphetamine is 
N-methyl-1-phenyl-2-propanamine. 


О NHCH, 
| H, Ni | 
CH,CCH, + CH,NH, ——— CH,CHCH, 
Benzyl methyl Methylamine N-Methyl-1-phenyl- 
ketone 2-propanamine 
(methamphetamine) 


22.46 There is no obvious reason why the dimethylamino group in 4-(N,N-dimethylamino)pyridine 
should be appreciably more basic than it is in N,N-dimethylaniline; it is the ring nitrogen of 


AMINES 649 


4-(N,N-dimethylamino)pyridine that is more basic. Note that protonation of the ring nitrogen per- 
mits delocalization of the dimethylamino lone pair and dispersal of the positive charge. 


СНУ, "N(CH4), 


`” 
| © 
HA 
| 
H 


Most stable protonated form of 
4-(N,N-dimethylamino)pyridine 


22.47 Тһе ІН NMR spectrum of each isomer shows peaks corresponding to five aromatic protons, so com- 
pounds A and B each contain a monosubstituted benzene ring. Only four compounds of molecular 
formula C,H,,N meet this requirement. 


C,H,CH,NHCH, | C,H,NHCH,CH, сн нен, СН,СН,СН,МН, 
Мн, 


N-Methylbenzylamine N-Ethylaniline 1-Phenylethylamine 2-Phenylethylamine 


Neither 'H NMR spectrum is consistent with N-methylbenzylamine, which would have two 
singlets due to the methyl and methylene groups. Likewise, the spectra are not consistent with 
N-ethylaniline, which would exhibit the characteristic triplet-quartet pattern of an ethyl group. Al- 
though a quartet occurs in the spectrum of compound A, it corresponds to only one proton, not the 
two that an ethyl group requires. The one-proton quartet in compound A arises from an H—C— CH, 
unit. Compound A is 1-phenylethylamine. 


Doublet (6 1.2 ppm) 


сњ 
C H,—C— NH; 
| Singlet (6 1.3 ppm) 
H 


Quartet (6 3.9 ppm) 
Compound В has ап ЇН NMR spectrum that fits 2-phenylethylamine. 
Singlet (8 1.1 ppm) 
C;H;CH;CH;NH, 
2 


Pair of triplets # 


at 6 2.75 ppm and 2.95 ppm 


22.48 Only the unshared electron pair on nitrogen that is not part of the т electron cloud of the aromatic 
system will be available for protonation. Treatment of 5-methyl-y-carboline with acid will give the 


salt shown. 
CH CH 
„~ * T ЕК 
N^ 2 СЩ 2 


5-Methyl-y-carboline H 
22.49 Write the structural formulas for the two possible compounds given in the problem and consider 
how their ^C NMR spectra will differ from each other. Both will exhibit their CH, carbons at high 
field signal, but they differ in the positions of their CH, and quaternary carbons. A carbon bonded to 
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nitrogen is more shielded than one bonded to oxygen, because nitrogen is less electronegative than 
oxygen. 


Lower field Higher field Higher field Lower field 
signal signal signal signal 
а а: 
OH NH, 


1-Amino-2-methyl-2-propanol 2-Amino-2-methyl-1-propanol 


In one isomer the lowest field signal is a quaternary carbon; in the other it is a CH, group. The spec- 
trum shown in Figure 22.10 shows the lowest field signal as a CH, group. The compound is there- 
fore 2-amino-2-methyl-1-propanol, (CH4),CCH,OH. 


NH, 
This compound cannot be prepared by reaction of ammonia with an epoxide, because in basic so- 
lution nucleophiles attack epoxides at the less hindered carbon, and therefore epoxide ring opening 
will give 1-amino-2-methyl-2-propanol rather than 2-amino-2-methyl-1-propanol. 


E ee 
(Сн), + NH, (CH), CCHNH, 
02 Oi 
2,2-Dimethyloxirane Ammonia 1-Amino-2-methyl-2-propanol 


PART A 


A-1. Give an acceptable name for each of the following. Identify each compound as a primary, 
secondary, or tertiary amine. 


| 

(a) CH,CH,CCH, (с) с 
NH, " 

(b) [_})—\нсн, 


A-2. Provide the correct structure of the reagent omitted from each of the following reactions: 


1.? 


(a) CjH,CHBr — рано CsHsCH,NH, 
3. HO 
(b C,H,CHjBr -iam С,Н,СН,СН,МН, 
3. H,O 
О 
1.2 МН 
(с) СН;СН,Вг > H,NNH, > СеН;СН,МН, + NH 
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A-3. Provide the missing component (reactant, reagent, or product) for each of the following: 


NaNO), HCI 
HO ^ 


(a) HC (^ NH, 


(b) Product of part (a) SEES Y ? 


(c) Product of part (a) — > toluene 
|| 

@ нс Nenn, “+ H.C ( \ NHCCH, 

| 

NHCCH, 
HNO, 

(e) #50, | 

СЊСН, 


NaNO,, HCl, ЊО 
(Р) { weno, ——— ? 
NaNO,, HCl, ЊО 
(g) {_У—хнснсн, ————— 


A-4. Provide structures for compounds A through E in the following reaction sequences: 


CH, 
CHI Ag,O heat | 
(a) A Be esc H,C=CHCH,CH,NCH,CH, 
О 
NaBH;,CN NaNO,, HCl 
(b) + CH,CH,NH, ^ CHOH ” ^ HO ^ 


A-5. Give the series of reaction steps involved in the following synthetic conversions: 


C(CH;), 
(a) from benzene 


I 


(b) m-Chloroaniline from benzene 


(c) C4H9N—N – Умен, from aniline 
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А-6.  p-Nitroaniline (A) is less basic than m-nitroaniline (B). Using resonance structures, explain 
the reason for this difference. 


NH, NH, 

NO, 
NO, 
A B 


A-7. Identify the strongest and weakest bases among the following: 


| | | 
М М М 
N—H О 
ом 
А В C D 


A-8. Write the structures of the compounds A-D formed in the following reaction sequence: 


O 
| (CH,),CCI H,O, HCI Cl, 1. NaNO,, HCI 
— > И 
NHCCH, МС А heat B (2 mol) C 2. CuBr D 


PART B 


B-1. Which of the following is a secondary amine? 
(a) 2-Butanamine 
(b)  N-Ethyl-2-pentanamine 
(c) N-Methylpiperidine 
(d) N,N-Dimethylcyclohexylamine 
B-2. Which of the following C,H,NO isomers is the weakest base? 
(a) o-Aminoacetophenone 
(b) m-Aminoacetophenone 
(c) p-Aminoacetophenone 
(d) Асегапшде 


B-3. Rank the following compounds in order of increasing basicity (weakest — strongest): 


| 
NH, CH,NH, NH, CNH, 
1 2 3 4 
(ap 4<2<1<3 (© 4<3<1<2 


(by 4<1<3<2 (d 2<1<3<4 
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B-4. Which of the following arylamines will not form а diazonium salt on reaction with sodium 
nitrite in hydrochloric acid? 
(a) m-Ethylaniline 
(b)  4-Chloro-2-nitroaniline 
(c) p-Aminoacetophenone 
(d) N-Ethyl-2-methylaniline 


B-5. The amines shown are isomers. Choose the one with the lowest boiling point. 


| њој 
N N 
O Ora Ò 
CH, 
(a) (b) (c) (d) 
B-6. Which of the following is the strongest acid? 
| | 
(а) | (а) ееп 
H H 
H H H 
| БЗ М / 
N—H 
oo „С 
H H 
NI 
N 
6 0 
B-7. Тһе reaction 
NHCH,CH, 
+ СНУ (excess) ——— ? 


gives as final product 

(a) Aprimary amine 

(b) A secondary amine 

(c) А tertiary amine 

(4) А quaternary ammonium salt 


B-8. A substance is soluble in dilute aqueous HCl and has a single peak in the region 
3200-3500 cm’ in its infrared spectrum. Which of the following best fits the data? 


(a) (мен (с) (У мнен, 
(5) {Ум (а) { )—сон 
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B-9. Identify product D in the following reaction sequence: 


CH, 
| K,Cr,0,, H,SO, 
Са РАИ ЊО, heat 
CH, 
CH, 


(a) сове 
CH, 


CH, N(CH;), 


| 
(b) сысын 


CH, 


CH, | 
(с) CACHE (CH): 


CH, 


$ОС1, (CH,),NH 
—— = 


1. LiAIH,, diethyl ether 
(2 mol) 2. H,0 > 


(d) CH,CCH,CH,N(CH,), 


| 
CH, 


ү. 
(e) CH,CCH,CHN(CH;), 
CH, OH 


B-10. Which one of the following is the best catalyst for the reaction shown? 


CH,(CH,),CH,Br 


( у“ са { у—хнссн, 
(а) ( 


KCN 
benzene 


CH,(CH,),CH,CN 


(унмен, Cr 
(e) 


О 
| 


с) 


Qo Оччо 
(b) (d) 


B-11. What will be the major product of each of the two reactions shown? 


1. CH,CH,CHCH, 


| 
*N(CH,), ОН 


2. ссн + CH,CH,ONa 


(a) 1x, 2x (b) 1x, 2y 


heat 


CH,CH=CHCH, + CH,CH,CH —CH, 


heat x У 


(с) Ту,2х (4) ly, 2y 
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B-12. 


B-13. 


B-14. 
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Which sequence represents the best synthesis of 4-isopropylbenzonitrile? 


(оњусн— ў—с=н 


4-Isopropylbenzonitrile 


(а) 1. Benzene + (CH,),CHCI, AICI,; 2. Вг,, FeBr,; 3. KCN 

(b) 1. Benzene + (CH4),CHCI, AICL; 2. HNO,, H,SO,; 3. Fe, НСІ; 4. NaOH; 
5. NaNO,, НСІ, ЊО; 6. CuCN 

(c) 1. Benzene + (CH4),CHCI, А1С1;; 2. HNO,, H,SO,; 3. Fe, НСІ; 4. NaOH; 5. KCN 

(d) 1. Benzene + HNO,, H,SO,; 2. (СН,),СНСІ, А1СЪ; 3. Fe, НСІ; 4. NaOH; 5. NaNO,, 
НСІ, H50; 6. CuCN 

(e) 1. Benzene + HNO,, H,SO,; 2. Fe, HCl; 3. NaOH; 4. NaNO,, HCl, H,O; 5. CuCN; 
6. (CH3),CRCI, AICI, 


The major products from the following sequence of reactions are 


СНУ Ag;O heat 


(CH,),CHCH,N(CH,CH,), 4 PEE „9 


(a) (CH,),CHCH,NH, + ЊС=<Н, 
(b) (CH,),NCH,CH, + Н,С==С(СН,), 
CH, 
(c) (CH,),CHCH,NCH,CH, + ЊС=<Н, 
(d) (CH,),NCH,CH, I + H,C=CH, 
(e) None of these combinations of products is correct. 


Which compound yields an N-nitrosoamine after treatment with nitrous acid (NaNO,, НСІ)? 


(a) {У сна, (d) wc У, 


О 
| 


OO •оћ 
(с) ( У-мнон, 


CHAPTER 23 
ARYL HALIDES 


SOLUTIONS TO TEXT PROBLEMS 


23.1 There are four isomers of C;H;CI that contain a benzene ring, namely, o, т, and p-chlorotoluene and 
benzyl chloride. 


ra, оо 


o-Chlorotoluene m-Chlorotoluene ^ p-Chlorotoluene Benzyl chloride 


Of this group only benzyl chloride is not an aryl halide; its halogen is not attached to the aromatic 
ring but to an sp?^-hybridized carbon. Benzyl chloride has the weakest carbon-halogen bond, its 
measured carbon-chlorine bond dissociation energy being only 293 kJ/mol (70 kcal/mol). 
Homolytic cleavage of this bond o a resonance-stabilized benzyl radical. 


a N cu.) (à; > {Увы + С: 


Benzyl chloride Benzyl radical Chlorine atom 


23.2 (b) The negatively charged sulfur in C,H,CH,S: Ма“ is a good nucleophile, which displaces 
chloride from 1-chloro-2,4-dinitrobenzene. 


СІ SCH,C,H, 
NO, А NO, 
C,H,CH,S: Ма" = 
> + Cl 
NO, NO, 
1-Chloro-2,4- Benzyl 2,4- 
dinitrobenzene dinitrophenyl sulfide 
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(c) The nitrogen in ammonia has an unshared electron pair and is nucleophilic; it displaces 
chloride from 1-chloro-2,4-dinitrobenzene. 


CI NH, 
NO NO 
2 йн, 2 
— o 
NO, NO, 
1-Chloro-2,4- 2,4-Dinitroaniline 
dinitrobenzene 


(d) As with ammonia, methylamine is nucleophilic and displaces chloride. 


CI NHCH, 
NO, | NO, 
CH,NH, 
— o 
NO, NO, 
1-Chloro-2,4- N-Methyl-2,4- 
dinitrobenzene dinitroaniline 


23.3 The most stable resonance structure for the cyclohexadienyl anion formed by reaction of methox- 
ide ion with o-fluoronitrobenzene involves the nitro group and has the negative charge on oxygen. 


:Ө: 
CHO Е | 


NS 
“ғ 


23.4 The positions that are activated toward nucleophilic attack are those that are ortho and para to the nitro 
group. Among the carbons that bear a bromine leaving group in 1,2,3-tribromo-5-nitrobenzene, only 
C-2 satisfies this requirement. 


Br OCH,CH, 
Br Br Br Br 
NaOCH,CH, 
——— —єЄ 2 
NO, NO, 
1,2,3-Tribromo- 1,3-Dibromo-2-ethoxy- 
5-nitrobenzene 5-nitrobenzene 


23.5 Nucleophilic addition occurs in the rate-determining step at one of the six equivalent carbons of 
hexafluorobenzene to give the cyclohexadienyl anion intermediate. 


F F F F 
% e ~ F 
F Е + “ÖCH, F 
Мы соу OCH, 
F F F F 
Hexafluorobenzene Methoxide Cyclohexadienyl anion 


ion intermediate 


658 ARYL HALIDES 


Elimination of fluoride ion from the cyclohexadienyl anion intermediate restores the aromaticity of 
the ring and completes the reaction. 


F F F F 
A СЕ < Я 
Е e > Е i OCH, + :F: 
OCH, = 
F F F F 
Cyclohexadienyl anion 2,3,4,5,6-Pentafluoroanisole Fluoride 
intermediate ion 


23.6 4-СШогорупаше is more reactive toward nucleophiles than 3-chloropyridine because the anionic 
intermediate formed by reaction of 4-chloropyridine has its charge on nitrogen. Because nitrogen is 
more electronegative than carbon, the intermediate is more stable. 


Cl 
= = 
| > = 
7 
N 
4-Chloropyridine Anionic 
intermediate 
(more stable) 
_ Cl 
Cl oe 
UN Y 
| EN | 
A 2 
3-Chloropyridine Anionic 
intermediate 


(less stable) 


23.7 The aryl halide is incapable of elimination and so cannot form the benzyne intermediate necessary 
for substitution by the elimination-addition pathway. 


CH, 
Br 
(No protons ortho to bromine; 
elimination is impossible.) 
CH, 
2-Bromo-1,3- 
dimethylbenzene 


23.8 The aryne intermediate from p-iodotoluene can undergo addition of hydroxide ion at the position 
meta to the methyl group or para to it. The two isomeric phenols are m- and p-methylphenol. 


CH, CH, 
NaOH, H,O NaOH, H,O 
— — —— 
(elimination phase) (addition phase) 
I 
p-lodotoluene 
CH, CH, 
+ 
OH 
OH 


m-Methylphenol p-Methylphenol 
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23.9 The "triple bond" of benzyne adds to the diene system of furan. 


= О 
OG OS Ob 
heat 
: / 


CH; OCH, 
Br Br 
23.10 (a) (b) 
Cl 
m-Chlorotoluene 2,6-Dibromoanisole 
CH=CH, 
3 2 25 3' 


F 4,4'-Diiodobiphenyl 


p-Fluorostyrene 


Br CICHCH, 


Cl 
(e) (f) 
ом 


1-Chloro-1-phenylethane 


2-Bromo-1-chloro-4- (Note: This compound 


nitrobenzene is not an aryl halide.) 
CH,Cl 
2 8 I о! 
5 4 
Br 


2-Chloronaphthalene 


p-Bromobenzyl 
chloride 


cl CI 
1 
2 В 
(j) 
3 
4 


8 
. 7, 
6 

5 


1,8-Dichloronaphthalene 


9-Fluorophenanthrene 


23.11 (a) Chlorine is a weakly deactivating, ortho, para-directing substituent. 


cl a № CI 
|| CCH, 
AICI, 
+ Сн,СС! i 

С 

FN 
Of `Ch, 
Chlorobenzene Acetyl o-Chloroacetophenone p-Chloroacetophenone 


chloride 
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(b) Bromobenzene reacts with magnesium to give a Grignard reagent. 


diethyl ether 


C,H;Br + Mg C,H;MgBr 
Bromobenzene Phenylmagnesium 
bromide 


(c) Protonation of the Grignard reagent in part (b) converts it to benzene. 


C,H;MgBr = CH, 
Phenylmagnesium Benzene 
bromide 


(d) Aryl halides react with lithium in much the same way that alkyl halides do, to form organo- 
lithium reagents. 


И diethyl ether n * 
CHI + 2i т сны + Li 


Iodobenzene Lithium Phenyllithium Lithium 
iodide 


(e) With a base as strong as sodium amide, nucleophilic aromatic substitution by the 
elimination—addition mechanism takes place. 


Br NH, 
О" же Oe OF 


Bromobenzene Benzyne Aniline 


(f) The benzyne intermediate from p-bromotoluene gives a mixture of m- and p-methylaniline. 


3 3 
NaNH, NaNH, 
— a 
NH, 
Z 
Br 
p-Bromotoluene 4-Methylbenzyne m-Methylaniline p-Methylaniline 


(g)  Nucleophilic aromatic substitution of bromide by ammonia occurs by the addition—elimination 


mechanism. 
Br NH, 
E | NH, С | 
МО, МО, 


1-Bromo-4- p-Nitroaniline 
nitrobenzene 


(h) The bromine attached to the benzylic carbon is far more reactive than the one on the ring and 
is the one replaced by the nucleophile. 


pr oou NON. Br \_cu,cn 


p-Bromobenzyl bromide p-Bromobenzyl cyanide 
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(i) The aromatic ring of N, N-dimethylaniline is very reactive and is attacked by p-chlorobenzene- 
diazonium ion. 


cunt У + м=к— Wo > cus Nenen Уа 


N,N-Dimethylaniline p-Chlorobenzenediazonium 4-(4'-Chlorophenylazo)-N,N-dimethylaniline 
ion 


(j) Hexafluorobenzene undergoes substitution of one of its fluorines on reaction with nucleo- 
philes such as sodium hydrogen sulfide. 


SH 
F F F F 
+  NaSH 
F F F F 
F F 
Hexafluorobenzene Sodium 2,3,4,5,6-Pentafluoro- 
hydrogen sulfide benzenethiol 


23.12 (a) Since the tert-butoxy group replaces fluoride at the position occupied by the leaving group, 
substitution likely occurs by the addition—elimination mechanism. 
CH, CH, E CH, 


F |) OC(CH,) 
OC(CH,), —Е- s 


+ (CH,),CO™ 
o-Fluorotoluene tert-Butoxide tert-Butyl o-methylphenyl 
ion ether 


(b) In nucleophilic aromatic substitution reactions that proceed by the addition—elimination 
mechanism, aryl fluorides react faster than aryl bromides. Because the aryl bromide is more 
reactive in this case, it must be reacting by a different mechanism, which is most likely 
elimination—addition. 


Br OC(CH,), 
КОС(СН у; KOC(CH,)3 | 
CY о == (ју te СТ 


Bromobenzene Benzyne tert-Butyl phenyl ether 


23.13 (а) Two benzyne intermediates are equally likely to be formed. Reaction with amide ion can 
occur in two different directions with each benzyne, giving three possible products. They are 
formed in a 1:2:1 ratio. 


ж 


Qo = O00 
КЕ 
O 6-9 


Ratio: 1 3 2 : 1 


Asterisk (*) refers to МС. 
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(b) 


23.14 (а) 


(b) 


(c) 


(d) 
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Only one benzyne intermediate is possible, leading to two products in a 1:1 ratio. 


D D 
NaNH, 
Cl ES EE s. а$ С) 


р D 


NH, 
аа 
р р 


Ratio: 1 5 1 
D refers to 7H (deuterium). 


o-Chloronitrobenzene is more reactive than chlorobenzene, because the cyclohexadienyl 
anion intermediate is stabilized by the nitro group. 


:0: 

CH,Q Cl je CHO CI | 
ANL Ne 

“OF 


— 


Comparing the rate constants for the two aryl halides in this reaction reveals that o-chloro- 
nitrobenzene is more than 20 billion times more reactive at 50?C. 

The cyclohexadienyl anion intermediate is more stable, and is formed faster, when the 
electron-withdrawing nitro group is ortho to chlorine. o-Chloronitrobenzene reacts faster than 
m-chloronitrobenzene. The measured difference is a factor of approximately 40,000 at 50°C. 
4-Chloro-3-nitroacetophenone is more reactive, because the ring bears two powerful electron- 
withdrawing groups in positions where they can stabilize the cyclohexadienyl anion 
intermediate. 


CH,O ad сно ас CH,O а 


gee wr oe 


Н, 


Nitro groups activate aryl halides toward nucleophilic aromatic substitution best when they 
are ortho or para to the leaving group. 


ON. NO, 
1s more reactive than 
ON NO, 


2-Fluoro-1,3- 1-Fluoro-3,5- 
dinitrobenzene dinitrobenzene 
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(e) The aryl halide with nitro groups ortho and para to the bromide leaving group is more reactive 
than the aryl halide with only one nitro group. 


Br Br 
NO, NO, 
is more reactive than 


NO, Br 
1-Bromo-2,4- 1,4-Dibromo-2- 
dinitrobenzene nitrobenzene 


23.15 (а) The nucleophile is the lithium salt of pyrrolidine, which reacts with bromobenzene by ап 
elimination—addition mechanism. 
N 


Br 
ô + TO —> + LiBr 


Bromobenzene Lithium N-Phenylpyrrolidine 
pyrrolidide (observed yield, 84%) 


(b) The nucleophile in this case is piperidine. The substrate, 1-bromo-2,4-dinitrobenzene, is very 
reactive in nucleophilic aromatic substitution by the addition—elimination mechanism. 


Br 
NO, NO, 
© — 
N 
NO, H 


NO, 
1-Вгото-2,4- Piperidine N-(2,4-Dinitrophenyl)- 
dinitrobenzene piperidine 


(c) Of the two bromine atoms, one is ortho and the other meta to the nitro group. Nitro groups 
activate positions ortho and para to themselves toward nucleophilic aromatic substitution, and 
so it will be the bromine ortho to the nitro group that is displaced. 


E: 


Br 
NO, NO; 
ој 
М 
Вг H 


Br 
1,4-Dibromo-2- Piperidine N-(4-Bromo-2-nitrophenyl)- 
nitrobenzene piperidine 


23.16 Because isomeric products are formed by reaction of 1- and 2-bromonaphthalene with piperidine at 
elevated temperatures, it is reasonable to conclude that these reactions do not involve a common 
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intermediate and hence follow an addition—elimination pathway. Piperidine acts as a nucleophile 
and substitutes for bromine on the same carbon atom from which bromine is lost. 


О m 


1-Bromonaphthalene Piperidine Compound A 


O 


Br 
i ub 
N 
H 
2-Bromonaphthalene Piperidine Compound B 


When the strong base sodium piperidide is used, reaction occurs by the elimination-addition 
pathway via a “naphthalyne” intermediate. Only one mode of elimination is possible from 1-bromo- 


naphthalene. 
Br 
SS 
Феге —— CX =) Т 
№ N 
Nat H 


This intermediate can yield both A and B in the addition stage. 


С) 
N. 
sodium piperidide _ iperidide 
— piperidine ” 
Compound А Compound В 


Two modes of elimination are possible from 2-bromonaphthalene: 


Br S 
=ш=- CO 
stage 


addition addition 
stage stage 


у 


Compounds A and В Compound B only 


Both naphthalyne intermediates are probably formed from 2-bromonaphthalene because there is no 
reason to expect elimination to occur only in one direction. 
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23.17 Reaction of a nitro-substituted aryl halide with a good nucleophile leads to nucleophilic aromatic 
substitution. Methoxide will displace fluoride from the ring, preferentially at the positions ortho and 
para to the nitro group. 


NO, NO, NO, 
F F F OCH, F F 
NaOCH, 
CH4OH + 
F F F F F F 
F F OCH, 


1,2,3,4,5-Pentafluoro- 2,3,4,5-Tetrafluoro- 2,3,5,6-Tetrafluoro- 
6-nitrobenzene 6-nitroanisole 4-nitroanisole 


23.18 (a) This reaction is nucleophilic aromatic substitution by the addition—elimination mechanism. 


С SCH,C,H, 
NO, NO, 
+ CHCHSK 


CH, CH, 
4-Chloro-3- 4-(Benzylthio)-3- 
nitrotoluene nitrotoluene 


The nucleophile, C,H.CH,S: , displaces chloride directly from the aromatic ring. The product 
in this case was isolated in 57% yield. 

(b) The nucleophile, hydrazine, will react with 1-chloro-2,4-dinitrobenzene by an addition- 
elimination mechanism as shown. 


с! HN—NH, Cl HN—NH 
NO, NO, о NO, 
+ H,NNH, а 7 
№, NC. NO, 
1-Chloro-2,4- Hydrazine О О 2,4-Dinitrophenyl- 
dinitrobenzene hydrazine 


The nitrogen atoms of hydrazine each has an unshared electron pair and hydrazine is fairly 
nucleophilic. The product, 2,4-dinitrophenylhydrazine, is formed in quantitative yield. 

(c) The problem requires you to track the starting material through two transformations. The first 
of these is nitration of m-dichlorobenzene, an electrophilic aromatic substitution reaction. 


Cl Cl Cl Cl 
HNO, 
— ~o 
Cr H90, X 
NO, 
m-Dichlorobenzene 2,4-Dichloro-1- 
nitrobenzene 


Because the final product of the sequence has four nitrogen atoms (C,H,N,O,), 2,4-dichloro- 
l-nitrobenzene is an unlikely starting material for the second transformation. Stepwise 
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nucleophilic aromatic substitution of both chlorines is possible but leads to a compound with 
the wrong molecular formula (C;H4N5O,). 


CI CI H,N NH, 
NO, NO, 


2,4-Dichloro-1- 2,4-Diamino-1- 
nitrobenzene nitrobenzene 


To obtain a final product with the correct molecular formula, the original nitration reaction 
must lead not to a mononitro but to a dinitro derivative. This is reasonable in view of the fact 
that this reaction is carried out at elevated temperature (120?C). 


Cl Cl CI CI HN NH, 
HNO,, H,SO, NH, 
CY 120°C xr ethylene xr 
ON NO, glycol, 140°C ON 


m-Dichlorobenzene 1,5-Diamino-2,4-dinitrobenzene 
(СН. 


This two-step sequence has been carried out with product yields of 70—71% in the first step 
and 88–95% in the second step. 
(d) This problem also involves two transformations, nitration and nucleophilic aromatic substitu- 
tion. Nitration will take place ortho to chlorine (meta to trifluoromethyl). 


CF, CF, CF, 
HNO, NaOCH, 
трио + Me 
H,SO, CH,OH 
NO, NO, 
CI а OCH, 
1-Chloro-4- 1-Chloro-2-nitro-4- 2-Nitro-4- 
(trifluoromethyl)- (trifluoromethyl)- (trifluoromethyl)- 
benzene benzene anisole 


(e) The primary alkyl halide is more reactive toward nucleophilic substitution than the aryl 
halide. A phosphonium salt forms by an 5,2 process. 


/ \ b - 
i4. У сн + (С,Н;),Р > I CH,P(C,H,); Br 


p-lodobenzyl bromide Triphenyl (p-lodobenzy])triphenyl- 
phosphine phosphonium bromide (86%) 


(f) N-Bromosuccinimide (NBS) is a reagent used to substitute benzylic and allylic hydrogens 
with bromine. The benzylic bromide undergoes S,2 substitution with the nucleophile, 
methanethiolate. As in part (e), the alkyl halide is more reactive toward substitution than the 


aryl halide. 
NBS NaSCH, 
Br OCH, суро” Br / N осн, Br OCH, 
CCl, heat = 
Н.С CH,Br CH,SCH, 
2-Bromo-5- 2-Bromo-5-methoxy- 2-Bromo-5-methoxybenzyl 


methoxytoluene benzyl bromide methyl sulfide 
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23.19 The reaction of p-bromotoluene with aqueous sodium hydroxide at elevated temperature proceeds 
by way of a benzyne intermediate. 


CH, CH, CH, CH, 


NaOH, H,O 
300°C 


m-Methylphenol p-Methylphenol 


The same benzyne intermediate is formed when p-chlorotoluene is the reactant, and so the product 
ratio must be identical regardless of whether the leaving group is bromide or chloride. 


23.20  Dinitration of p-chloro(trifluoromethyl)benzene will take place at the ring positions ortho to the 
chlorine. Compound А is 2-chloro-5-(trifluoromethyl)-1,3-dinitrobenzene. Trifluralin is formed by 
nucleophilic aromatic substitution of chlorine by dipropylamine. Trifluralin is №, N-dipropyl-4- 
(trifluoromethyl)-2,6-dinitroaniline. 


CF, CF, CF, 
HNO, (CH,CH,CH,),NH 
————— — 
H,SO,, heat 
Ом МО, O,N NO, 
CI CI N(CH,CH,CH,), 
p-Chloro- 2-Chloro-5-(trifluoromethyl)- N,N-dipropyl-4-(trifluoromethyl)- 
(trifluoromethyl)- 1,3-dinitrobenzene 2,6-dinitroaniline 
benzene (compound A) (trifluralin) 


23.21  p-Chlorobenzenethiolate reacts with p-nitrobenzyl chloride by an 5,2 process to give compound A. 
Reduction of the nitro group yields the aniline derivative, compound B. Chlorbenside is then formed 
by a Sandmeyer reaction in which the diazonium ion is replaced by chlorine. 


on сна + NaS а cl ое > сн,з—{ b CI 


p-Nitrobenzyl chloride Sodium p-Chlorophenyl p-nitrobenzyl sulfide 
p-chlorobenzenethiolate (compound A) 


ом yms l Уа 28H. ны у сња— Sa 
Compound A Compound B 
1. NaNO,, НСІ 
2. CuCl 


Cl (5 CH,S А > Cl 


Chlorbenside 
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23.22  p-Chloro(trifluoromethyl)benzene undergoes nucleophilic substitution by the alkoxide anion to give 
compound A. 


:0: ма" 


| 
{_У—снснсндсну. + БС ( \ а > БС ^^ OCHCH,CH,N(CH;), 


3-(p-(Trifluoromethyl)phenoxy)- 
N,N-dimethyl-3-phenyl-1-propanamine 
(Compound A) 


Prozac (Fluoxetine hydrochloride) differs from compound A in having an —NHCH, group in place 
of —N(CH,),. 


вс—( _у—оснснснусн,, вс—( _у—оснснснхнсн, 


Compound А Prozac 


23.23 Benzyne is formed by loss of nitrogen and carbon dioxide. 


CĂ 
NÆN: 
> CÓ O + :NÆN: + О=<С=0 
ost 
| 
О 
Benzenediazonium-2- Benzyne Nitrogen Carbon dioxide 
carboxylate 


23.24  o-Bromofluorobenzene yields benzyne on reaction with magnesium (see text Section 23.9). 
Triptycene is the Diels-Alder cycloaddition product from the reaction of benzyne with anthracene 
(compound A). Although anthracene is aromatic, it is able to undergo cycloaddition at the center 
ring with a dienophile because the adduct retains the stabilization energy of two benzene rings. 


7 C? 
Ch ies "а 
+ — 
heat 
Br (2 C 
o-Bromofluoro- Anthracene Triptycene 
benzene (compound A) 


23.25 (а) Ethoxide ion adds to the aromatic ring to give a cyclohexadienyl anion. 


NO, | NO, 
OS P es OCH, 
N OCH, + NaOCH,CH, № “№ 
m r OCH,CH, 
NO, NO, 


2,4,6-Trinitroanisole Sodium ethoxide Meisenheimer complex 
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(b) The same Meisenheimer complex results when ethyl 2,4,6-trinitrophenyl ether reacts with 
sodium methoxide. 


NO, NO, 
Ок. fe OCH, 
N OCH,CH, + NaOCH, Na N 
m y OCH,CH, 
NO, NO, 
Ethyl 2,4,6-trinitrophenyl ether Sodium Meisenheimer complex 
methoxide 


23.26  Methoxide ion may add to 2,4,6-trinitroanisole either at the ring carbon that bears the methoxyl 
group or at an unsubstituted ring carbon. 


OCH, LUE O OCH, if OCH, 
O,N NO, NO, УМ NO, 
_NaOCHy _ а 
-CHOH ” OCH; 
H 
NO, NO, 
2,4,6-Trinitroanisole A B 


The two Meisenheimer complexes are the sodium salts of the anions shown. It was observed that 
compound A was the more stable of the two. Compound B was present immediately after adding 
sodium methoxide to 2,4,6-trinitroanisole but underwent relatively rapid isomerization to 
compound A. 


23.27 ^(a) The first reaction that occurs is an acid—base reaction between diethyl malonate and sodium 
amide. 


CH,(COOCH,CH,), + NaNH, a':CH(COOCH,CH,, + NH, 


Diethyl malonate Sodium Diethyl sodiomalonate Ammonia 
amide 


A second equivalent of sodium amide converts bromobenzene to benzyne. 
Br 


CY + NaNH, e + NH, + NaBr 


Bromobenzene Sodium Benzyne Ammonia Sodium 
amide bromide 


| CH(COOCH,CH;), 
This anion then abstracts a proton from ammonia to give the observed product. 


H 
Kron, o — CX | 
СН(СООСН,СН.)» CH(COOCH,CH,), + :NH, 


Ammonia Diethyl 2-phenylmalonate Amide 
anion 


The anion of diethyl malonate adds to benzyne. 


(р + yeucoocn.c, 


Benzyne Anion of diethyl 
malonate 
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The ester is deprotonated by the strong base sodium amide, after which the ester enolate under- 
goes an elimination reaction to form a benzyne intermediate. Cyclization to the final product 
occurs by intramolecular attack of the ester enolate on the reactive triple bond of the aryne. 


О О 
| | 


oo ч [ а 
ants 
Cl Cl 


Ethyl 5-(2-chlorophenyl)pentanoate Ester enolate 


NaNH, 
qM. а I Cg, 
х ©? X y 
COOCH,CH, COOCH,CH, ён 
COOCH,CH, 
Ethyl Aryne intermediate 


1,2,3,4-tetrahydronaphthalene- 


(c) 


Cl 


(d) 


F 
F OCH,CH,OH 


F F 


K,CO, 


F F F 
О Е О 
heat M [B j ) 
FO SQ E F^ О F О 
Е Е Е 


1-carboxylate 


In the presence of very strong bases, aryl halides undergo nucleophilic aromatic substitution 
by an elimination-addition mechanism. The structure of the product indicates that a nitrogen 
of the side chain acts as a nucleophile in the addition step. 


ai (Rs сн, 
МСНСН МНСН, мы, NCH,CH,NCH, нь, Mes 
=? ee. 2 

ether | 
Zi сн, 

СІ "1 

CH, 

Тв hs 

N. М. 

PaL. ee 

1 і 

CH, CH, 


On treatment with base, intramolecular nucleophilic aromatic substitution leads to the observed 
product. 


F OCH,CH,O: F 
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23.28 Polychlorinated biphenyls (PCBs) are derived from biphenyl as the base structure. It is numbered as 


shown. 
3' 2' 2. ^8 
UY (OM 
5 6 5 


(a) There are three monochloro derivatives of biphenyl: 


2-Chlorobiphenyl 3-Chlorobiphenyl 4-Chlorobiphenyl 
(o-chlorobiphenyl) (m-chlorobiphenyl) (p-chlorobiphenyl) 


(b) Тһе two chlorine substituents may be in the same ring (six isomers): 


CI 


CI 
CI Cl | С1 Cl | Cl 
| С1 | Cl ! CI CI ! CI 


2,3-Dichlorobiphenyl 2,4-Dichlorobiphenyl 2,5-Dichlorobiphenyl 2,6-Dichlorobiphenyl 3,4-Dichlorobiphenyl 3,5-Dichlorobiphenyl 


The two chlorine substituents may be in different rings (six isomers): 


( СІ | С1 | С1 
от © 
С1 
Cl 


2,2'-Dichlorobiphenyl 2,3'-Dichlorobiphenyl 2,4'-Dichlorobiphenyl 


CI 


cl CI A 

E Ф ~ 

ай qu J 
CI Е 


Cl Cl 
3,3'-Dichlorobiphenyl 3,4'-Dichlorobiphenyl — 4,4'-Dichlorobiphenyl 


There are therefore a total of 12 isomeric dichlorobiphenyls. 
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(c) The number of octachlorobiphenyls will be equal to the number of dichlorobiphenyls (12). In 
both cases we are dealing with a situation in which eight of the ten substituents of the biphenyl 
system are the same and considering how the remaining two may be arranged. In the dichloro- 
biphenyls described in part (5), eight substituents are hydrogen and two are chlorine; in the 
octachlorobiphenyls, eight substituents are chlorine and two are hydrogen. 

(d) The number of nonachloro isomers (nine chlorines, one hydrogen) must equal the number of 
monochloro isomers (one chlorine, nine hydrogens). There are therefore three nonachloro de- 
rivatives of biphenyl. 


The principal isotopes of chlorine are СІ and *’Cl. A cluster of five peaks indicates that 
dichlorodiphenyldichloroethane (DDE) contains four chlorines. 


m/z for СНС, 


316 "CN 5С] 5С] 5С] 
318 5С] о! "el Cl 
320 TN 5С] "а о! 
322 Cl С] "а "а 
324 С] QT e С] 


The peak at m/z 316 therefore corresponds to a compound С „НС in which all four chlorines are 
Cl. The respective molecular formulas indicate that DDE is the dehydrochlorination product of 
dichlorodiphenyltrichloroethane (DDT). 


—HCI 


C,4HoCl, СНС, 


DDT DDE 


The structure of DDT was given in the statement of the problem. This permits the structure of DDE 


to be assigned. 
СІ. i à Cl 
С 


„©. 


С1 С1 


DDE (only reasonable 
dehydrochlorination product of DDT) 


PART A 


A-1. Give the product(s) obtained from each of the following reactions: 


CF, 
Cl 
KNH 
(a) —NH > ? (two products) 
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Cl 
CHO . . 
(b) Xa —снон 7 ? (monosubstitution) 
Cl NO 


C(CH4) 
NaNH 
(c) —NH > ? (two products) 
I 


A-2. Draw the structure of the intermediate formed in each reaction of problem A-1. 


A-3. Suggest synthetic schemes by which chlorobenzene may be converted into 
(a) 24-Dinitroanisole (1-methoxy-2,4-dinitrobenzene) 
(b)  p-Isopropylaniline 

A-4. Write a mechanism using resonance structures to show how a nitro group directs ortho, para 
in nucleophilic aromatic substitution. 


A-5. What is the cycloaddition product of the following reaction? What is the structure of the 
short-lived intermediate formed in this reaction? 


F 
Mg, THF 
CX, D wes 
Br 


PART B 


В-1. The reaction 


CI OCH, 
ON NO, ON NO, 


most likely occurs by which of the following mechanisms? 
(a)  Addition-elimination 

(b) | Elimination-addition 

(c) Both (a) and (5) 

(d) Neither of these 


B-2. Rank the following in order of decreasing rate of reaction with ethoxide ion (CH4CH,O ) in 
a nucleophilic aromatic substitution reaction: 


Br Br Br Br 
NO, NO, 
NO, NO, 
NO, NO, 
1 2 3 4 
(d). SSeS 152 (б) 3>4>2 > 1 


(D 2>1>4>3 (d 423 S751 
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B-3. The reaction 


ОМ Вг ON NH, ON 


NH, 


most likely involves which of the following aromatic substitution mechanisms? 
(a)  Addition-elimination 

(b)  Electrophilic substitution 

(c)  Elimination-addition 

(d) Both (a) and (c) 


B-4. Identify the principal organic product of the following reaction: 


F 
JC rsen, 
ON Br 


£x 
ОМ Вг 
(а) (d) 
Des 
О.М SCH, 


(b) (e) 
SCH, 
F 
ON Br 
(c) 


B-5. Which of the following compounds gives a single benzyne intermediate on reaction with 
sodium amide? 


СЊСН, СЊСН, СЊСН, 
Cl 
Cl 
Cl 

1 2 3 
(a) lonly 
(b  land3 
(c) 3only 


(d) 1апа2 
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B-6. 


B-7. 


B-8. 


Which one of the following compounds can be efficiently prepared by a procedure in which 
nucleophilic aromatic substitution is the last step? 


SO,H OCH,CH—CH, 
С(СН,), 
e i @ (4) 


Which one of the following undergoes nucleophilic aromatic substitution at the fastest rate? 


29999 


H, N(CH), 
(a) (b) (c) (d) (e) 


What combination of reactants will give the species shown as a reactive intermediate? 


HO: +f О: 
SOK 
:Вг on 

(a)  1-Bromo-4-nitrobenzene and NaOH 

(b)  4-Nitrophenol and HBr 

(c) 4-Мигорћепој, Вг,, and FeBr, 


(d) Bromobenzene and HONO, 
(e)  Nitrobenzene, Вг,, and water 


CHAPTER 24 
PHENOLS 


SOLUTIONS TO TEXT PROBLEMS 


241 (b) A benzyl group (C,H;CH,—) is ortho to the phenolic hydroxyl group in o-benzylphenol. 


OH 
CH,CH, 


(c) Naphthalene is numbered as shown. 3-Nitro-1-naphthol has a hydroxyl group at C-1 and а 
nitro group at C-3. 


OH 
8 1 
f) 2 
6 3 
3 4 NO, 
Naphthalene 3-Nitro-1-naphthol 


(d) Resorcinol is 1,3-benzenediol. 4-Chlororesorcinol is therefore 


OH 


OH 
CI 
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24.2 Intramolecular hydrogen bonding between the hydroxyl group and the ester carbonyl can occur when 
these groups are ortho to each other. 


Methyl salicylate 


Intramolecular hydrogen bonds form at the expense of intermolecular ones, and intramolecularly 
hydrogen-bonded phenols have lower boiling points than isomers in which only intermolecular 
hydrogen-bonding is possible. 


24.3 (b) Acyano group withdraws electrons from the ring by resonance. A p-cyano substituent is con- 
jugated directly with the negatively charged oxygen and stabilizes the anion more than does 
an m-cyano substituent. 


ES ew ег. о с 


p-Cyanophenol is slightly more acidic than m-cyanophenol, the K, values being 1.0 x 1078 
and 2.8 X 107", respectively. 

(c)  Theelectron-withdrawing inductive effect of the fluorine substituent will be more pronounced 
at the ortho position than at the para. o-Fluorophenol (K, — 1.9 X 10 ?) is a stronger acid 
than p-fluorophenol (K, = 1.3 x 1070). 


24.4 The text points out that the reaction proceeds by the addition-elimination mechanism of nucleophilic 
aromatic substitution. 
Under the strongly basic conditions of the reaction, p-toluenesulfonic acid is first converted to its 


anion. 
О О 
Hc— \ | дн + YOu nc У о + HOH 
| | 
p-Toluenesulfonic acid Hydroxide p-Toluenesulfonate ion Water 


ion 


Nucleophilic addition of hydroxide ion gives a cyclohexadienyl anion intermediate. 


\ он 
Н.С = 
SO, 


p-Toluenesulfonate ion Hydroxide Cyclohexadienyl anion 


Loss of sulfite ion (8057 ) gives p-cresol. 


OH 
nck D _ Н.С 4 \ он + 502“ 
C750, = 


Cyclohexadienyl anion p-Cresol 


M 
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It is also possible that the elimination stage of the reaction proceeds as follows: 


x H 
OH Отн“ ^ 
Ке + но HC _ + 30H 
SO; Cso, 


Cyclohexadienyl anion 


intermediate 
йа 
zH ОН 
He yo ngo о. asd 4 HO 


p-Methylphenoxide ion 


24.5 The text states that the hydrolysis of chlorobenzene in base follows an elimination-addition 


mechanism. 
H 
ое N 
са + Og {У + HO + C 
Chlorobenzene Benzyne 
+ JÖH OH OH 
Benzyne Phenol 


24.6 (b) The reaction is Friedel-Crafts alkylation. Proton transfer from sulfuric acid to 2-methyl- 
propene gives tert-butyl cation. Because the position para to the hydroxyl substituent 
already bears a bromine, the tert-butyl cation attacks the ring at the position ortho to the 


hydroxyl. 
OH OH 
CH; (СНС CH; 
H,SO, : 
+ (CH,),C=CH, 

Br Br 
4-Bromo-2- 2-Methylpropene 4-Bromo-2-tert-butyl- 
methylphenol 6-methylphenol 


(isolated yield, 7096) 


(c) Acidification of sodium nitrite produces nitrous acid, which nitrosates the strongly activated 
aromatic ring of phenols. 


OH OH 
CH(CH,), CH(CH,), 
NaNO, 
НСІ, HO 
H,C H,C 
ма 
2-Isopropyl-5-methylphenol 2-Isopropyl-5-methyl-4-nitrosophenol 


(isolated yield, 87%) 
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(d) Friedel-Crafts acylation occurs ortho to the hydroxyl group. 


OH он $ 
|| CCH,CH, 
AICI, 
+ СН,СН,ССІ 
CH, CH, 
p-Cresol Propanoyl 1-Q-Hydroxy-5-methylphenyl)- 
chloride 1-propanone (isolated yield, 87%) 


24.7 (b) The hydroxyl group of 2-naphthol is converted to the corresponding acetate ester. 


| 
оо О 
OH | | ne OCCH, | 
+  CH,COCCH, >= + CH,CONa 
2-Naphthol Acetic anhydride 2-Naphthyl acetate Sodium acetate 
(c) Benzoyl chloride acylates the hydroxyl group of phenol. 
| | 
OH CCl OC 
CY + — СТ + на 
Phenol Benzoyl chloride Phenyl benzoate Hydrogen 
chloride 


24.8 Epoxides are sensitive to nucleophilic ring-opening reactions. Phenoxide ion attacks the less hin- 
dered carbon to yield 1-phenoxy-2-propanol. 


n4 Ха но", H,O 
б: н.&—СнСн, — OCH;CHCH, 
G О ОН 
Phenoxide ion 1,2-Epoxypropane 1-Phenoxy-2-propanol 


24.9 The aryl halide must be one that is reactive toward nucleophilic aromatic substitution by the 
addition—elimination mechanism. p-Fluoronitrobenzene is far more reactive than fluorobenzene. 
The reaction shown yields p-nitrophenyl phenyl ether in 92% yield. 


(Ук +Е СУ No, —9*., € S-o-4 У, 


Potassium p-Fluoronitrobenzene p-Nitrophenyl phenyl ether 
phenoxide 


24.10 Substituted allyl aryl ethers undergo a Claisen rearrangement similar to the reaction described in 
text Section 24.13 for allyl phenyl ether. 2-Butenyl phenyl ether rearranges on heating to give o-(1- 
methyl-2-propenyl)phenol. 


О 
e G rearrangement 
Суг 


2-Butenyl phenyl 0-(1-Methyl-2-propenyl)- 
ether phenol 


OH 


enolization | 
———À 
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24.11 (a) The parent compound is benzaldehyde. Vanillin bears a methoxy group (CH,O) at C-3 and a 
hydroxyl group (HO) at C-4. 


OH 


Vanillin 
(4-hydroxy-3-methoxybenzaldehyde) 


(b,c) Thymol and carvacrol differ with respect to the position of the hydroxyl group. 


CH, CH, 
5 2 
6 4 HO | 3 
1 
3 
HO ; 6 S 4 
CH(CH,), CH(CH,), 
Thymol Carvacrol 


(2-isopropyl-5-methylphenol) (5-isopropyl-2-methylphenol) 


(d) Ап allyl substituent is —CH,CH—CH,. 


CH,CH=CH, 


Eugenol 
(4-allyl-2-methoxyphenol) 


(e)  Benzoic acid is C;H4CO,H. Gallic acid bears three hydroxyl groups, located at C-3, C-4, 
and C-5. 


COH 
1 


OH 


Gallic acid 
(3,4,5-trihydroxybenzoic acid) 


(f) Benzyl alcohol is C;SH;CH,OH. Salicyl alcohol bears a hydroxyl group at the ortho position. 


CH,OH 
OH 


Salicyl alcohol 
(o-hydroxybenzyl alcohol) 
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24.12 (a) The compound is named as a derivative of phenol. The substituents (ethyl and nitro) are cited 
in alphabetical order with numbers assigned in the direction that gives the lowest number at 
the first point of difference. 


1 
6 2 


5 3 
~~ "CH,CH, 


NO, 


3-Ethyl-4-nitrophenol 


(b) An isomer of the compound in part (а) is 4-ethyl-3-nitrophenol. 


CH,CH, 


4-Ethyl-3-nitrophenol 


(c) The parent compound is phenol. It bears, in alphabetical order, a benzyl group at C-4 and a 
chlorine at C-2. 


eis: 
HO 4 \ сн, СУ 


6 5 


4-Benzyl-2-chlorophenol 


(d) This compound is named as a derivative of anisole, C;SH;OCH,. Because multiplicative pre- 
fixes (di, tri-, etc.) are not considered when alphabetizing substituents, isopropyl precedes 
dimethyl. 


CH(CH,), 


4-Isopropyl-2,6- 
dimethylanisole 


(e) Тһе compound is an aryl ester of trichloroacetic acid. The aryl group is 2,5-dichloropheny]. 


2,5-Dichlorophenyl 
trichloroacetate 
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24.13 (а) The reaction is an acid—base reaction. Phenol is the acid; sodium hydroxide is the base. 


( јон + NaOH ВЕ + H,O 


Phenol Sodium Sodium phenoxide Water 
(stronger acid) hydroxide (weaker base) (weaker acid) 
(stronger base) 


(b) Sodium phenoxide reacts with ethyl bromide to yield ethyl phenyl ether in a Williamson 
reaction. Phenoxide ion acts as a nucleophile. 


C,H;ONa + CH,CH,Br 


C,H,OCH,CH, + NaBr 


Sodium Ethyl bromide Ethyl phenyl ether Sodium 
phenoxide bromide 


(c)  p-Toluenesulfonate esters behave much like alkyl halides in nucleophilic substitution reac- 
tions. Phenoxide ion displaces p-toluenesulfonate from the primary carbon. 


O O 

C,H;ONa + GEH HOS CH, C,H,OCH,CH,CH,CH, + Nus CH, 
| || 

Sodium Butyl p-toluenesulfonate Butyl phenyl ether Sodium p-toluenesulfonate 


phenoxide 
(d) Carboxylic acid anhydrides react with phenoxide anions to yield aryl esters. 
1 | | 
C,H;ONa + CH,COCCH, C,H;OCCH, + CH,CONa 


Sodium Acetic anhydride Phenyl acetate Sodium 
phenoxide acetate 


(e) Acyl chlorides convert phenols to aryl esters. 


О 
OH CCl | 
CH, 

o-Cresol Benzoyl chloride 2-Methylphenyl benzoate Hydrogen 

chloride 

(f) Phenols react as nucleophiles toward epoxides. 
сн, Н.С 
+ H,C—CH, ac 
OH a 


m-Cresol Ethylene oxide 2-(3-Methylphenoxy)ethanol 
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The reaction as written conforms to the requirements of the problem that a balanced equation 
be written. Of course, the reaction will be much faster if catalyzed by acid or base, but the cat- 
alysts do not enter into the equation representing the overall process. 

(g) Bromination of the aromatic ring of 2,6-dichlorophenol occurs para to the hydroxy group. The 
more activating group (—OH) determines the orientation of the product. 


OH OH 
CI Cl Cl Cl 
+ Br, ——— + HBr 
Br 
2,6-Dichlorophenol Bromine 4-Bromo-2,6- Hydrogen 
dichlorophenol bromide 


(ћу In aqueous solution bromination occurs at all the open positions that are ortho and para to the 


hydroxyl group. 
OH OH 
Br Br 
H,O 

+ 2Br, ——— + 2HBr 

CH, CH, 
p-Cresol Bromine 2,6-Dibromo-4- Hydrogen 
methylphenol bromide 


(i) | Hydrogen bromide cleaves ethers to give an alkyl halide and а phenol. 


{_у—осисн,, + HBr — ( \-on + (CH,),CHBr 


Isopropyl phenyl ether Hydrogen Phenol Isopropyl 
bromide bromide 


24.44 (а) Strongly electron-withdrawing groups, particularly those such as —NO,, increase the acidity 
of phenols by resonance stabilization of the resulting phenoxide anion. Electron-releasing 
substituents such as —CH, exert a very small acid-weakening effect. 


OH OH 
ом NO, H,C CH, 
NO, CH, 
2,4,6-Trinitrophenol, 2,4,6-Trimethylphenol, 
more acidic less acidic 


(K, = 3.8 X 1077, pK, = 0.4) (К, = 1.3 X 107", pK, = 10.9) 
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Picric acid (2,4,6-trinitrophenol) is a stronger acid by far than 2,4,6-trimethylphenol. All three 
nitro groups participate in resonance stabilization of the picrate anion. 


No ВИ 
of `o Оё `o 
A 
M 
= :0 
ae PYA 
-0^ so~ -0^ C bem 
С + 
м CON 
o^ ^o SOC c0" 


(b) Stabilization of a phenoxide anion is most effective when electron-withdrawing groups are 
present at the ortho and para positions, because it is these carbons that bear most of the nega- 
tive charge in phenoxide anion. 


^y 
4 Cx 
2,6-Dichlorophenol is therefore expected to be (and is) a stronger acid than 3,5-dichloro- 
phenol. 
OH OH 
Cl Cl 
Cl Cl 
2,6-Dichlorophenol, more acidic 3,5-Dichlorophenol, less acidic 
(К, = 1.6 X 1077, pK, = 6.8) (К, = 6.5 X 107°, pK, = 8.2) 


(c) The same principle is at work here as in part (b). A nitro group para to the phenol oxygen is 
directly conjugated to it and stabilizes the anion better than one at the meta position. 


OH OH 
NO, 
NO, 
4-Nitrophenol, stronger acid 3-Nitrophenol, weaker acid 


(К, = 1.0 X 107% pK, = 72)  (К, = 41 X 10°°, pK, = 84) 
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(d) Acyano group is strongly electron-withdrawing, and so 4-cyanophenol is a stronger acid than 


phenol. 
OH OH 
CN 
4-Cyanophenol, more acidic Phenol, less acidic 


(K, = 1.1 X 1078, pK, = 80). (К, = 1 X 1079), pK, = 10) 


There is resonance stabilization of the 4-cyanophenoxide anion. 


реу а са 


(e) Тһе 5-nitro group in 2,5-dinitrophenol is meta to the hydroxyl group and so does not stabilize 
the resulting anion as much as does an ortho or a para nitro group. 


OH OH 
mo cr 
ОМ 


2,6-Dinitrophenol, more acidic 2,5-Dinitrophenol, less acidic 
(K, = 2.0 X 1075, pK, = 3.7) (K, = 6.0 X 1075, pK, = 52) 


24.15 (а) The rate-determining step of ester hydrolysis in basic solution is formation of the tetrahedral 


intermediate. 
O Oo 
9) gar slow | 
ArOCCH, + HO: ————— АТОССН, 
Se | 
OH 


Because this intermediate is negatively charged, there will be a small effect favoring its for- 
mation when the aryl group bears an electron-withdrawing substituent. Furthermore, this in- 
termediate can either return to starting materials or proceed to products. 


Ок О О 
|) 


В | 
лб CCH, Ho АО + CH,CO™ 
OH 


|| 
ArO- + CH,COH 


The proportion of the tetrahedral intermediate that goes on to products increases as the leav- 
ing group ArO becomes less basic. This is strongly affected by substituents; electron- 
withdrawing groups stabilize ArO . The prediction is that m-nitrophenyl acetate undergoes 
hydrolysis in basic solution faster than phenol. Indeed, this is observed to be the case; 
m-nitrophenyl acetate reacts some ten times faster than does phenyl acetate at 25?C. 


| | 
OCCH, + но —— о7 + CH,COH 
ON ON 
m-Nitrophenyl acetate m-Nitrophenoxide anion 
(more reactive) (a better leaving group 


than phenoxide because 
it is less basic) 
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(b) 


(c) 


(d) 


(e) 
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The same principle applies here as in part (a). p-Nitrophenyl acetate reacts faster than m- 
nitrophenyl acetate (by about 45%) largely because p-nitrophenoxide is less basic and thus a 
better leaving group than m-nitrophenoxide. 


OD -O 
“ЗС: .. No 
^ === VA 


me) me) 


Resonance in p-nitrophenoxide is particularly effective because the p-nitro group is directly 
conjugated to the oxyanion; direct conjugation of these groups is absent in m-nitrophenoxide. 
The reaction of ethyl bromide with a phenol is an S42 reaction in which the oxygen of the phe- 
nol is the nucleophile. The reaction is much faster with sodium phenoxide than with phenol, 
because an anion is more nucleophilic than a corresponding neutral molecule. 


Faster reaction: 


ie 
Ar "CH, Br ArOCH,CH, + Вг 
Slower reaction: 
CH, 
"PONI + 
AR CH, м ене + Br 
H H 


The answer here also depends on the nucleophilicity of the attacking species, which is a phe- 
noxide anion in both reactions. 


њи“ а 
Arf H,C—CH, 
Cy 


ArOCH,CH,O~ 


The more nucleophilic anion is phenoxide ion, because it is more basic than p-nitrophenoxide. 


More basic; Better delocalization of negative 
better nucleophile charge makes this less 
basic and less nucleophilic. 


Rate measurements reveal that sodium phenoxide reacts 17 times faster with ethylene oxide 
(in ethanol at 70°C) than does its p-nitro derivative. 

This reaction is electrophilic aromatic substitution. Because a hydroxy substituent is more 
activating than an acetate group, phenol undergoes bromination faster than does phenyl 
acetate. 


E ©: 


E^ m Сү“ Wea 


Resonance involving ester group reduces 
tendency of oxygen to donate electrons to ring. 
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24.16 Nucleophilic aromatic substitution by the elimination-addition mechanism is impossible, owing to 
the absence of any protons that might be abstracted from the substrate. The addition-elimination 
pathway is available, however. 


F F F F F F 
= slow Б fast = 
F Е+ НО а F OG “Е OH + F 
/ `ОН 
F F F F F F 
Hexafluorobenzene Pentafluorophenol 


This pathway is favorable because the cyclohexadienyl anion intermediate formed in the rate- 
determining step is stabilized by the electron-withdrawing inductive effect of its fluorine 
substituents. 


24.17 (a) Allyl bromide is a reactive alkylating agent and converts the free hydroxyl group of the aryl 
compound (a natural product known as guaiacol) to its corresponding allyl ether. 


OH OCH,CH—CH, 
K,CO, 
Cx + HC—CHCHjBr —À—— Cx 
OCH, OCH, 


Guaiacol Allyl bromide 2-Allyloxyanisole (80-90%) 


(b) Sodium phenoxide acts as a nucleophile in this reaction and is converted to an ether. 


ONa OCH,CHCH,OH 
CY + FIG Ново CY la 


OH 
Sodium 3-Chloro-1,2- 3-Phenoxy-1,2- 
phenoxide propanediol propanediol (61-63%) 


(c) Orientation in nitration is governed by the most activating substituent, in this case the 


hydroxyl group. 
| | 
Сн ом CH 
HNO, 
acetic acid, heat 
HO HO 
OCH, OCH, 
Vanillin 4-Hydroxy-3-methoxy-5- 


nitrobenzaldehyde (83%) 


(d) Allyl aryl ethers undergo a Claisen rearrangement on heating. Heating p-acetamidophenyl 
allyl ether gave an 83% yield of 4-acetamido-2-allylphenol. 


| | 
син __`у—оснсн=сн, > о 


CH,CH=CH, 


p-Acetamidophenyl allyl ether 4-Acetamido-2-allylphenol 
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(e) The hydroxyl group, as the most activating substituent, controls the orientation of elec- 
trophilic aromatic substitution. Bromination takes place ortho to the hydroxyl group. 


OH OH 
OCH,CH, Br OCH,CH, 
+ Br acetic acid 
2 
NO, NO, 
2-Ethoxy-4- 2-Bromo-6-ethoxy-4- 
nitrophenol nitrophenol (65%) 


(f) Oxidation of hydroquinone derivatives (p-dihydroxybenzenes) with Cr(VI) reagents is a 
method for preparing quinones. 


OH 
Cl Cl 
K,Cr,0, 
H,SO, 
OH 
2-Chloro-1,4- 2-Chloro-1,4- 
benzenediol benzoquinone (8896) 


(g) Aryl esters undergo a reaction known as the Fries rearrangement on being treated with 
aluminum chloride, which converts them to acyl phenols. Acylation takes place para to the 
hydroxyl in this case. 


cH, 7 CH, 

OCCH, OH 

AICI, 
CH,C 
CH(CH,), | CHCH», 
5-Isopropyl-2- 4-Hydroxy-2-isopropyl- 
methylphenyl acetate 5-methylacetophenone 
(9096) 


(h)  Nucleophilic aromatic substitution takes place to yield a diaryl ether. The nucleophile is the 
phenoxide ion derived from 2,6-dimethylphenol. 


OH CI 


CH, 
H,C CH, 
NaOH 
NO, CH, 
2,6-Dimethylphenol p-Chloro- 2,6-Dimethylphenyl p-nitrophenyl 


nitrobenzene ether (82%) 
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(i) | Chlorination with excess chlorine occurs at all available positions that are ortho and para to 


the hydroxyl group. 
Cl Cl 
OH OH 
+ 2Cl, acetic acid + 2HCI 
CI Cl 
Cl Cl 
2,5-Dichlorophenol Chlorine 2,3,4,6-Tetrachlorophenol Hydrogen 
(isolated yield, 100%) chloride 


(j) Amines react with esters to give amides. In the case of a phenyl ester, phenol is the leaving 


group. OH 

CH, OH OH 

heat 
T T 

ООО == доо O 

NH a a 

о HC 

o-Methylaniline Pheny] salicylate N-(o-Methylphenyl)salicylamide Phenol 


(isolated yield, 73-77%) 


(k) Aryl diazonium salts attack electron-rich aromatic rings, such as those of phenols, to give the 
products of electrophilic aromatic substitution. 


OH OH 
CI C H,N—N CI 
-OCHASNC —— 
CI Cl 
Cl Cl 
2,4,5-Trichlorophenol Benzenediazonium 2-Benzeneazo-3,4,6-trichlorophenol 
chloride (80%) 


24.18 In the first step p-nitrophenol is alkylated on its phenolic oxygen with ethyl bromide. 


on он + CH,CH,Br Ho. ол—{_}ў—оснсн, 


p-Nitrophenol Ethyl bromide Ethyl p-nitrophenyl ether 


Reduction of the nitro group gives the corresponding arylamine. 


ол—{_}у—оснсн, > HN / \ оснсн, 


Ethyl p-nitrophenyl ether p-Ethoxyaniline 


Treatment of p-ethoxyaniline with acetic anhydride gives phenacetin. 
| 


1 
nN осин, + CH,COCCH, снмн—{ _`}у—оснусн, 


p-Ethoxyaniline Acetic p-Ethoxyacetanilide 
anhydride (phenacetin) 
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24.19 The three parts of this problem make up the series of steps by which o-bromophenol is prepared. 


(a) Because direct bromination of phenol yields both o-bromophenol and p-bromophenol, it is 
essential that the para position be blocked prior to the bromination step. In practice, what is 
done is to disulfonate phenol, which blocks the para and one of the ortho positions. 


OH OH 
SO,H 
+ 2H,SO, heat 
SO.H 
Phenol 4-Hydroxy-1,3- 


benzenedisulfonic 
acid (compound A) 


(b) Bromination then can be accomplished cleanly at the open position ortho to the hydroxyl 


group. 
OH OH 
SO,H Br SO,H 
+ Br, 19 т 
SO,H SOH 
Compound A 5-Bromo-4-hydroxy-1,3- 


benzenedisulfonic acid 
(compound B) 


(c) After bromination the sulfonic acid groups are removed by acid-catalyzed hydrolysis. 


OH OH 
Br SO,H Br 


О.Н 


o-Bromophenol 


Compound B 
(compound C) 


24.20  Nitration of 3,5-dimethylphenol gives a mixture of the 2-nitro and 4-nitro derivatives. 


OH OH 
NO, 
HNO, 
H,O T 
H,C CH, Н.С CH, нюс CH, 
NO, 
3,5-Dimethylphenol 3,5-Dimethyl-2- 3,5-Dimethyl-4- 


nitrophenol nitrophenol 
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The more volatile compound (compound A), isolated by steam distillation, is the 2-nitro derivative. 
Intramolecular hydrogen bonding is possible between the nitro group and the hydroxyl] group. 


07 "9r 
NZ 

So 
H,C CH, 


Intramolecular hydrogen bonding 
in 3,5-dimethyl-2-nitrophenol 


The 4-nitro derivative participates in intermolecular hydrogen bonds and has a much higher boiling 
point; it is compound B. 


24.21 The relationship between the target molecule and the starting materials tells us that two processes 
are required, formation of a diaryl ether linkage and nitration of an aromatic ring. The proper order 
of carrying out these two separate processes is what needs to be considered. 


cao \—no, > CHOH + == У CHCI 


The critical step is ether formation, a step that is feasible for the reactants shown: 


Он Оу t Co-Op 


Phenol p-Chloronitrobenzene 4-Nitrophenyl phenyl ether 


The reason this reaction is suitable is that it involves nucleophilic aromatic substitution by the 
addition-elimination mechanism on a p-nitro-substituted aryl halide. Indeed, this reaction has been 
carried out and gives ап 80-82% yield. A reasonable synthesis would therefore begin with the 
preparation of p-chloronitrobenzene. 


Cl Cl 
NO, 
HNO, 
H,SO, F 
NO, 


Chlorobenzene o-Chloronitrobenzene p-Chloronitrobenzene 


Separation of the p-nitro-substituted aryl halide and reaction with phenoxide ion complete the 
synthesis. 
The following alternative route is less satisfactory: 


Phenol Chlorobenzene Diphenyl ether 
HNO; 
O ESO ^ O + O N О, 
O,N 


Diphenyl ether 2-Nitrophenyl phenyl ether 4-Nitrophenyl phenyl ether 
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The difficulty with this route concerns the preparation of diphenyl ether. Direct reaction of phenox- 
ide ion with chlorobenzene is very slow and requires high temperatures because chlorobenzene is a 
poor substrate for nucleophilic substitution. 

A third route is also unsatisfactory because it, too, requires nucleophilic substitution on 


chlorobenzene. 
OH OH OH 
Oo" © 
HNO, 
ee + 
NO, 
Phenol o-Nitrophenol p-Nitrophenol 
OH Cl 
à base ВЕЕ )—NO, 
NO, 
p-Nitrophenol Chlorobenzene 4-Nitrophenyl phenyl ether 


24.22 The overall transformation that needs to be effected is 


CH,O HO 
: OCH, | OH 
| (CH,),CH, 
О 
2,3-Dimethoxybenzaldehyde 3-Pentadecylcatechol 


A reasonable place to begin is with the attachment of the side chain. The aldehyde function allows 
for chain extension by a Wittig reaction. 


O 
| = 
Ar—CH,CH,R > Ar—CH=CHR > Ar—CH + (C,H,);P—CHR 
CH,O CH,O 
OCH, OCH, 
zs + 
+ CH,(CH,),,CH—P(C,H;), 
nd CH=CH(CH,),,CH, 
О 
2,3-Dimethoxy- 
benzaldehyde 


Hydrogenation of the double bond and hydrogen halide cleavage of the ether functions complete the 


synthesis. 
CH,0 CH,0 HO 
OCH, OCH, OH 
H, HBr 
Pt heat 
СН==СН(СН,) „СН, СЊСНХСН,) СН; CH,CH,(CH,),,CH, 


3-Pentadecylcatechol 
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Other synthetic routes are of course possible. One of the earliest approaches used a Grignard 
reaction to attach the side chain. 


CH,O CH,O 
OCH, OCH, 
+ CH,(CH,),,CH,MgBr — ЊЕ eer 
CH СНСН,(СН,) СН, 
b бн 
2,3-Dimethoxy- 
benzaldehyde 


The resulting secondary alcohol can then be dehydrated to the same alkene intermediate prepared in 
the preceding synthetic scheme. 


CH,O СНО 
ОСН, OCH, 
LH А 
THEBACHOSEHS СН==СН(СН,) СН; 
ОН 


Again, hydrogenation of the double bond and ether cleavage leads to the desired 3-pentadecylcatechol. 


24.23 Recall that the Claisen rearrangement converts an aryl allyl ether to an ortho-substituted allyl phe- 
nol. The presence of an allyl substituent in the product ortho to an aryl ether thus suggests the fol- 
lowing retrosynthesis: 

OCH, OCH,CH=CH, 
СН.О. CH,CH=CH, 


H,C H,C 
OH к 


As reported in the literature synthesis, the starting phenol тау be converted to the corresponding 
allyl ether by reaction with allyl bromide in the presence of base. This step was accomplished in 
80% yield. Heating the allyl ether yields the o-allyl phenol. 


OH OCH,CH=CH, OH 
CH,O CH,O CH,O CH,CH=CH, 
H,C=CHCH,Br 200°C 
K,CO, 3h 
H,C H,C HC 
Occ; оссн; осен, 
O 


The synthesis is completed by methylation of the phenolic oxygen and saponification of the acetate 
ester. The final three steps of the synthesis proceeded in an 82% overall yield. 


OH OCH, OCH, 
СНО CH,CH=CH, CH,O CH,CH=CH, CH,O CH,CH=CH, 
CHI 1. KOH, CH,OH 
K,CO, 2.H* 
Н.С Н.С Н.С 


мр OCCH, OH 
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24.24 The driving force for this reaction is the stabilization that results from formation of the aromatic 
ring. A reasonable series of steps begins with protonation of the carbonyl oxygen. 


сон ОН 
H H H H 
Hy I 
H H H H 
| 


Resonance forms of protonated ketone 


OH OH 
H H H H 
$ H -H* 
H H 


О 

H H 

H H 
OH 

H H 

H Јон 


Protonated ketone Aromatization of this 
can rearrange by intermediate occurs 
alkyl migration. by loss of a proton. 


24.25  Bromination of p-hydroxybenzoic acid takes place in the normal fashion at both positions ortho to 


the hydroxy group. 

OH OH 

Br Br 
Br, 
———— 
Сон Сон 
p-Hydroxybenzoic 3,5-Dibromo-4- 
acid hydroxybenzoic acid 


A third bromination step, this time at the para position, leads to the intermediate shown. 


OH OH 
Br Br Вг Вг 
+ Br, —~ + Bro 
CO,H 


Br COH 


Aromatization of this intermediate occurs by decarboxylation. 


OH OH 
Br. Br 
—— + со, + Н? 
# О 
Br a Br 


Q 
ЈЕ 


2,4,6-Tribromophenol 
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24.26  Electrophilic attack of bromine on 2,4,6-tribromophenol leads to a cationic intermediate. 


OH OH 
Br Br Br. Br 
+ Br, —— + Br 


Br Br Br 


2,4,6-Tribromophenol 


Loss of the hydroxyl proton from this intermediate generates the observed product. 


H 
2 
О У) O 
Br. Br Br. Br 
— 
Br Br Br Br 
2,4,4,6-Tetrabromo- 
cyclohexadienone 


24.27 A good way to approach this problem is to assume that bromine attacks the aromatic ring of the 
phenol in the usual way, that is, para to the hydroxyl group. 


+ 


OH OH 
(CH,),C C(CH,); (CH,),C C(CH,), 


C(CH,), Br C(CH;), 
2,4,6- Tri-tert-butylphenol 


This cation cannot yield the product of electrophilic aromatic substitution by loss of a proton from 
the ring but can lose a proton from oxygen to give a cyclohexadienone derivative. 
H 
" 
0 О 
(СВ ЉАС C(CH;), (CH,),C С(СН,)» 


Bí C(CH, Br C(CH,), 


4-Bromo-2,4,6-tri-tert- 
butyl-2,5-cyclohexadienone 


This cyclohexadienone is the compound C,,H,,BrO, and the peaks at 1655 and 1630 ст! in 
the infrared are consistent with C—O and C=C stretching vibrations. The compound’s symmetry 
is consistent with the observed ЇН NMR spectrum; two equivalent tert-butyl groups at C-2 and 
C-6 appear as an 18-proton singlet at ô 1.3 ppm, the other tert-butyl group is a 9-proton singlet at 
6 1.2 ppm, and the 2 equivalent vinyl protons of the ring appear as a singlet at 6 6.9 ppm. 


24.28 Because the starting material is an acetal and the reaction conditions lead to hydrolysis with the 
production of 1,2-ethanediol, a reasonable reaction course is 


О H,O, Н” 
== ] HOCH,CH,OH + == 
О 


Compound А 1,2-Ethanediol Compound B 
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Indeed, dione B satisfies the spectroscopic criteria. Carbonyl bands are seen in the infrared spec- 
trum, and compound B has two sets of protons to be seen in its 'H NMR spectrum. The two vinyl 
protons are equivalent and appear at low field, 6 6.7 ppm; the 4 methylene protons are equivalent to 
each other and are seen at 6 2.9 ppm. 

Compound B is the doubly ketonic tautomeric form of hydroquinone, compound C, to which it 


isomerizes on standing in water. 
De — в 


Compound В Compound С 
(hydroquinone) 


A reasonable first step is protonation of the hydroxyl oxygen. 


үн Ф—0н, 
ааз" 
CH, CH, 


Cumene hydroperoxide 


The weak oxygen-oxygen bond can now be cleaved, with loss of water as the leaving group. 


im | 
(Усе, —> (ys + HÖ: 
CH, CH, 


This intermediate bears a positively charged oxygen with only six electrons in its valence shell. Like 
a carbocation, such a species is highly electrophilic. The electrophilic oxygen attacks the 7 system 
of the neighboring aromatic ring to give an unstable intermediate. 


:07 
| O: 
су mr 
| CCH, 
CH, | 
CH 


3 


Ring opening of this intermediate is assisted by one of the lone pairs of oxygen and restores the 
aromaticity of the ring. 


O: de 

(5 РА Q=C(CH,), 

id VN 
CH, 

The cation formed by ring opening is captured by a water molecule to yield the hemiacetal product. 


€ S-2ocn, — {_)—бесн,, + Ht 


н “Н 


SELF-TEST 


24.30 
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(a) 


(b) 


The molecular formula of the compound (СНО) tells us that it has a total of four double 
bonds and rings (index of hydrogen deficiency — 4). The prominent peak in the infrared spec- 
trum is the hydroxyl absorption of an alcohol or a phenol at 3300 cm '. 

Peaks in the ê 110—160 ppm region of the ^C NMR spectrum suggest an aromatic ring, 
which accounts for six of the nine carbon atoms and all its double bonds and rings. The 
presence of four peaks in this region, two of which are C and two CH, indicates a para- 
disubstituted aromatic derivative. That the remaining three carbons are sp^-hybridized is 
indicated by the upfield absorptions at б 15, 26, and 38 ppm. None of these carbons has a 
chemical shift below 6 40 ppm, and so none of them can be bonded to the hydroxyl group. Thus 
the hydroxyl group must be bonded to the aromatic ring. The compound is 4-propylphenol. 


но—{_У—снснсн, 


4-Ргору1рһепо1 


Once again the molecular formula (C)H,,BrO) indicates a total of four double bonds and 
rings. The four peaks in the 6 110—160 ppm region of the spectrum, three of which represent 
CH, suggest a monosubstituted aromatic ring. 

The remaining atoms to be accounted for are O and Br. Because all the unsaturations are 
accounted for by the benzene ring and the infrared spectrum lacks any hydroxy] absorption, 
the oxygen atom must be part of an ether function. The three CH, groups indicated by the ab- 
sorptions at 6 32, 35, and 66 ppm in the PC NMR spectrum allow the compound to be identi- 
fied as 3-bromopropyl phenyl ether. 


{_у—оснснснв: 


3-Bromopropyl phenyl ether 


PART A 


А-1. 


А-2. 


А-3. 


А-4. 


Which is the stronger acid, m-hydroxybenzaldehyde or p-hydroxybenzaldehyde? Explain 
your answer, using resonance structures. 


The cresols are methyl-substituted phenols. Predict the major products to be obtained from 
the reactions of o-, m-, and p-cresol with dilute nitric acid. 


Give the structure of the product from the reaction of p-cresol with propanoyl 


ji 
chloride, CH;CH,CCI, in the presence of AICI,. What product is obtained in the absence of 
AICL? 


Provide the structure of the reactant, reagent, or product omitted from each of the following: 


(a) € S-ocucio, Нв: ? (two products) 


OCH,CH(CH,), 


(b) ? (two compounds)  ——— ^ 
CH, 
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CO,H 
(c) 1.? = 


HBr 
(d) —ma ^7 ?(C,HBrO) 
О 


A-5. Provide the structures of compounds A апа В in the following sequence of reactions: 


OH 


CH,CH,CH=CHCH,Br héat 
> A 
K,CO, 


B (C4 H0) 


A-6. Prepare p-tert-butylphenol from tert-butylbenzene using any necessary organic or inorganic 
reagents. 


PART B 


B-1. Rank the following in order of decreasing acid strength (most acidic — least acidic): 


OH OH OH OH 
NO, 


1 2 3 4 
(a) 2>4>1>3 (с) 1>3>4>2 
(b) 3>1>2>4 (d) 3>1>4>2 


B-2. Rank the following compounds in order of increasing acidity (weakest acid first). 


СІ CH, NO, 
cl OH НС OH ON OH 
CI CH, NO, 
1 2 3 
(ar 2<3<1 (ај з<1<2 (e) 1<2<3 
(b) 3<2<1 (dy 2<1<3 
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B-3. Which of the following phenols has the largest pK, value (i.e., is least acidic)? 


(a) a-( он (c) on он 
(b) нс—{ он (d) м=с-( он 


B-4. Which of the following reactions is a more effective method for preparing phenyl propyl 
ether? 


L СН.ОМа + CH,CH,CH,Br ——— 
I: CH,CH,CH,ONa + СНВ = 


(a) Reaction I is more effective. 

(b) Reaction II is more effective. 

(c) Both reactions I and II are effective. 

(d) Neither reaction I nor reaction II is effective. 


B-5. What reactant gives the product shown on heating with aluminum chloride? 


B-6. What are the products of the following reaction? 


K у—оснснон mU 
(a) Br—{ )—OCH,CH,Br (d) = + BrCH,CH,OH 


(b) Е + BrCH,CH,Br (e) -" + BrCH,CH,Br 


(c) Br OH + BrCH,CH,Br 


: 
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B-7. Which of the following sets of reagents, used in the order shown, would enable preparation 
of p-chlorophenol from p-chloronitrobenzene? 
(а) 1. Fe, HCl; 2. NaOH; 3. NaNO,, H,SO,; 4. ЊРО, 
(b) 1. Fe, НСІ; 2. NaOH; 3. NaNO,, H,SO,; 4. H,O, heat 
(с) 1. Fe, HCl; 2. NaOH; 3. NaNO,, H,SO,; 4. ethanol 
(d) 1. NaOH, heat; 2. НСІ 


B-8. What is the product obtained by heating the following allylic ether of phenol? 
OCH,CH=CHC,H, 


200°C 


OH OH 
CH,CH=CHC,H; CHCH=CH, 
(a) (c) 


OCH; 
CH,CH=CH, 
(b) (d) но—{_У—снсн=сн, 


CH; 


CHAPTER 25 
CARBOHYDRATES 


SOLUTIONS TO TEXT PROBLEMS 


25.1 (b) Redraw the Fischer projection so as to show the orientation of the groups in three dimensions. 


H Е 
HOCH,—|—CHO is equivalent to HOCH, C-CHO 
OH OH 


Reorient the three-dimensional representation, putting the aldehyde group at the top and the 
primary alcohol at the bottom. 
H CHO 
HOCH,-C-CHO -—*? , нб ОН 
OH CH,OH 
What results is not equivalent to a proper Fischer projection, because the horizontal bonds are 
directed “back” when they should be “forward.” The opposite is true for the vertical bonds. To 


make the drawing correspond to a proper Fischer projection, we need to rotate it 180° around 
a vertical axis. 


сто CHO CHO 
Н.С ОН HOCH is equivalentto HO——H 
CH,OH CH,OH CH,OH 


Prove 180° 


Now, having the molecule arranged properly, we see that it is L-glyceraldehyde. 
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(c) Again proceed by converting the Fischer projection into a three-dimensional representation. 


CHO CHO 
HOCH,——H is equivalent to HOCH, C-H 
OH OH 


Look at the drawing from a perspective that permits you to see the carbon chain oriented ver- 
tically with the aldehyde at the top and the CH,OH at the bottom. Both groups should point 
away from you. When examined from this perspective, the hydrogen is to the left and the 
hydroxyl to the right with both pointing toward you. 


CHO CHO 
HOCH,—C-H isequivalentto — He-C-40H 
ÓH CH,OH 


The molecule is D-glyceraldehyde. 


25.2 Begin by drawing a perspective view of the molecular model shown in the problem. To view the 
compound as a Fischer projection, redraw it in an eclipsed conformation. 


H он!) H OHH OH 
Ре YN ` 
HOCH, # HOCH, CH=O 
HO H 
Staggered conformation Same molecule in eclipsed 
conformation 


The eclipsed conformation shown, when oriented so that the aldehyde carbon is at the top, vertical 
bonds back, and horizontal bonds pointing outward from their stereogenic centers, is readily trans- 
formed into the Fischer projection of L-erythrose. 


CHO CHO 
H OHH OH HO»-C-4H HO—+—H 
Е X is equivalent to | or 
HOCH, CH—O HO»-C-H HO——H 
CH,OH CH,OH 


L-Erythrose 


25.3 L-Arabinose is the mirror image of D-arabinose, the structure of which is given in text Fig- 
ure 25.2. The configuration at each stereogenic center of D-arabinose must be reversed to trans- 
form it into L-arabinose. 


CH,OH CH,OH 


D-(—)-Arabinose L-(+)-Arabinose 
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25.4 The configuration at C-5 is opposite to that of D-(+)-glyceraldehyde. This particular carbohydrate 
therefore belongs to the L series. Comparing it with the Fischer projection formulas of the eight 
D-aldohexoses reveals it to be in the mirror image of D-(+)-talose; it is L-( —)-talose 


25.5 (b) The Fischer projection formula of D-arabinose may be found in text Figure 25.2. The Fischer 
projection and the eclipsed conformation corresponding to it are 


CHO 5 
HO——H HOCH, OH H 
rotate about | 
Sal 4 С 
H OH C-3— C44 bond Н HO YTSo 
H 
н——Он — 
CH,OH HO 4H 
D-Arabinose Eclipsed conformation Conformation suitable for 
of p-arabinose furanose ring formation 


Cyclic hemiacetal formation between the carbonyl group and the C-4 hydroxyl yields the 
a- and B-furanose forms of D-arabinose. 


HOCH; „О op HOCH, O, y 
н\н НО н\н Но/бн 
НО H HO 

D-p-Arabinofuranose a-D-Arabinofuranose 


(c) The mirror image of D-arabinose [from part (b)] is L-arabinose. 


CH,OH CH,OH 


D-Arabinose L-Arabinose Eclipsed conformation 
of L-arabinose 
The C-4 atom of the eclipsed conformation of L-arabinose must be rotated 120? in a clock- 


wise sense so as to bring its hydroxyl group into the proper orientation for furanose ring 
formation. 


OH 
н | 
ENS 
rotate about OH “о 
C-3—C-4 bond HOCH; 
H OH H OH 
Original eclipsed conformation Conformation suitable for 


of L-arabinose furanose ring formation 
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Cyclization gives the œ- and B-furanose forms of L-arabinose. 


H N н „Ох н 
OH НИ OH НАн 
HOCH, HOCH, 
H OH H OH 
a-L-Arabinofuranose B-L-Arabinofuranose 


In the L series the anomeric hydroxyl is up in the а isomer and down in the B isomer. 
(d) The Fischer projection formula for D-threose is given in the text Figure 25.2. Reorientation of 
that projection into a form that illustrates its potential for cyclization is shown. 


1 
H O 
~ O H 
нон is equi ( 
isequivalentto 4 H Он ESS 
нон — 
‘CH,OH HO H 
D-Threose 
Cyclization yields the two stereoisomeric furanose forms. 
| 
о? А 
и) Ох он fe H 
4 С —— + 
H OH TS 
SO H HO% Н нон 
3 2 
Hp HO H HO H 
B-p-Threofuranose a-D-Threofuranose 
25.6 (b) The Fischer projection and Haworth formula for D-mannose are 
CHO 
HO H HOCH, 
H 8 OH 
HO H H 
= у HO HO 
H OH H 
H OH H H 
CH,OH 
D-Mannose В-р-Маппоругапоѕе 


(Haworth formula) 


The Haworth formula is more realistically drawn as the following chair conformation: 


H OH 
HOCH, 
О 


НО 


HH H 


В-р-Маппоругапоѕе 
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Mannose differs from glucose in configuration at C-2. All hydroxyl groups are equatorial in 
P-D-glucopyranose; the hydroxyl at C-2 is axial in В-р-таппоругапозе. 


(c) The conformational depiction of B-L-mannopyranose begins in the same way as that of 
В-р-таппоругапоѕе. L-Mannose is the mirror image of D-mannose. 
CHO CHO 
нон н——Он HO 
CH,OH H 
HO——H н——он НО | 
Cw 
H——OH нон ито 
H—— OH HO——H HO OH 
CH,OH CH,OH 
p-Mannose L-Mannose Eclipsed conformation 
of L-mannose 
To rewrite the eclipsed conformation of L-mannose in a way that permits hemiacetal forma- 
tion between the carbonyl group and the C-5 hydroxyl, C-5 is rotated 120? in the clockwise 
sense. 
HO Я Н 
5 
HO CH,OH " О, 
4 С rotate about CH,OH 
DX C-4—C-5 bond H H 
H H OH 
HO OH HO OH 


В-г-Маппоругапозе 
(remember, the anomeric 
hydroxy] is down in the L series) 


Translating the Haworth formula into a proper conformational depiction requires that a choice 
be made between the two chair conformations shown. 


H 
OH 
HO УН ЛЕ 
CH,OH H * 
H H H H 
H OH | OH 
HO OH 
ie cages CH,OH 


Haworth formula of 
B-L-mannopyranose 


Less stable chair conformation; 


CH,OH is axial 


More stable chair conformation; 
СН,ОН is equatorial 


(d) The Fischer projection formula for L-ribose is the mirror image of that for D-ribose. 


CHO CHO 
EHE к= CH,OH 
H OH HO H HO 2 | HO О, H 
H—+—OH —— —— 
© EE HO HO я HO HO 
нон нон H H SH 
CH,OH CH,OH H H H H 
D-Ribose L-Ribose Eclipsed conformation of L-ribose is Haworth formula of 


oriented properly for ring closure. 


B-L-ribopyranose 
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Of the two chair conformations of B-L-ribose, the one with the greater number of equatorial 
substituents is more stable. 


OH 
HO O. H ОН, OH 
pd =. ~O OH 
HO HO HO HO OH 
OH 
OH 
H H 
Less stable chair More stable chair 
conformation of conformation of 
B-L-ribopyranose B-L-ribopyranose 
257 The equation describing the equilibrium is 
HOCH, PH HOCH, Poy HOCH, OH 
HO HO CH—O HO OH 
OH 
a-D-Mannopyranose Open-chain form of D-mannose В-р-Маппоругапозе 
[a] + 29.3° [la]i — 17.0° 
Let A = percent a isomer; 100 — А = percent В isomer. Then 
A(+29.3°) + (100 — A)(—17.0°) = 100(+ 14.2°) 
46.3A = 3120 

Percent a isomer = 67% 

Percent В isomer = (100 — A) = 33% 

25.8 Review carbohydrate terminology by referring to text Table 25.1. A ketotetrose is a four-carbon ke- 
tose. Writing a Fischer projection for a four-carbon ketose reveals that only one stereogenic center 
is present, and thus there are only two ketotetroses. They are enantiomers of each other and are 
known as D- and L-erythrulose. 

CH,OH ee 
C=O C=O 
H OH HO H 
CH,OH CH,OH 
D-Erythrulose L-Erythrulose 
25.9 (b) Because L-fucose is 6-deoxy-L-galactose, first write the Fischer projection formula of 


D-galactose, and then transform it to its mirror image, L-galactose. Transform the C-6 CH,OH 
group to CH, to produce 6-deoxy-L-galactose. 


CHO CHO CHO 
H—— OH HO——H HO——H 
HO——H Н— ОН H——OH 
HO——H H——OH H——OH 
H—— ОН HO——H HO——H 
CH,OH CH,OH CH, 
D-Galactose L-Galactose 6-Deoxy-L-galactose 


(from Figure 25.2) (L-fucose) 
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25.10 Reaction of a carbohydrate with an alcohol in the presence of an acid catalyst gives mixed acetals at 
the anomeric position. 


CHO 

H OH 
H H 
HO H 0 CH,OH CH,OH 
НСІ 
OH OH 

нон OCH, H 

CH,OH 
D-Galactose Methanol Methyl Methyl 

a-D-galactopyranoside B-p-galactopyranoside 


25.14  Acid-catalyzed addition of methanol to the glycal proceeds by regioselective protonation of the dou- 
ble bond in the direction that leads to the more stable carbocation. Here again, the more stable car- 
bocation is the one stabilized by the ring oxygen. 


HO 
HOCH, o " 


HO 


=== —H 
Capture on either face of the carbocation by methanol yields the o and В methyl glycosides. 


25.12 The hemiacetal opens to give an intermediate containing a free aldehyde function. Cyclization of 
this intermediate can produce either the о or the В configuration at this center. The axial and equa- 
torial orientations of the anomeric hydroxyl can best be seen by drawing maltose with the pyranose 
rings in chair conformations. 


HOCH HOCH 
HO 220 HO 2 0 
НО НО 
OH OH 
CH,OH — CH,OH 
HO HO 
O OH 
HO HO 
OH СН==О 
B-Configuration of Key intermediate formed by 
hemiacetal (equatorial) cleavage of hemiacetal 
HOCH 
HO sen 
HO 
OH 
CH,OH 
HO. 
O 
HO 


HO 
a-Configuration of 


hemiacetal (axial) 
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Only the configuration of the hemiacetal function is affected in this process. The a configuration of 
the glycosidic linkage remains unchanged. 


25.13 Write the chemical equation so that you can clearly relate the product to the starting material. 


CHO CH,OH 
H—— OH H—— OH y ss of 
н——Он = HoH "У 
нон H——oH 

CH,OH CH,OH 

D-Ribose Ribitol 


Ribitol is a meso form; it is achiral and thus not optically active. A plane of symmetry passing 
through C-3 bisects the molecule. 


25.14 (5)  Arabinose is a reducing sugar; it will give a positive test with Benedict's reagent, because its 
open-chain form has a free aldehyde group capable of being oxidized by copper(II) ion. 
(c)  Benedict's reagent reacts with a-hydroxy ketones by way of an isomerization process involv- 
ing an enediol intermediate. 


н. он но 
NZ 27 
CH,OH C МЕ 


| Benedict’s reagent 


CHOH ————— positive test; Cu,O formed 


CH,OH CH,OH CH,OH 


1,3-Dihydroxyacetone Enediol Glyceraldehyde 


1,3-Dihydroxyacetone gives a positive test with Benedict's reagent. 
(d) D-Fructose is an a-hydroxy ketone and will give a positive test with Benedict's reagent. 


H O 
NZ 
CH,OH с^ 
C=O CHOH 
HO——H HO——H 
Benedict’s reagent "m 
H—— OH H OH > positive test; Cu,O formed 
H——OH H—— OH 
CH ,OH CH,OH 
D-Fructose 


(e) Lactose is a disaccharide and will give a positive test with Benedict’s reagent by way of an 
open-chain isomer of one of the rings. Lactose is a reducing sugar. 


HOCH, | HOCH, HOCH, HOCH, 


B dict's t ... 
Leed smag positive test; Cu,O formed 


Lactose Open-chain form 
(structure presented in Section 25.14) 
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Amylose is a polysaccharide. Its glycoside linkages are inert to Benedict’s reagent, but the ter- 
minal glucose residues at the ends of the chain and its branches are hemiacetals in equilibrium 
with open-chain structures. A positive test is expected. 


25.15 Because the groups at both ends of the carbohydrate chain are oxidized to carboxylic acid functions, 
two combinations of one CH,OH with one CHO group are possible. 


CHO 
H——OH 
HO——H 
H——OH 
H——OH 
CH,OH 
Dp-Glucose 


CO,H CH,OH CHO 
Н—— OH Н—— ОН HO——H 
mo,  HO-—H duo . HO aH | HO—.—H 
heat heat equivalent to 
H——OH нон нон 
H—+_OH н——Он нон 
CO,H CHO CH,OH 
D-Glucaric acid L-Gulose 


L-Gulose yields the same aldaric acid on oxidation as does D-glucose. 


25.16 


In analogy with the D-fructose = D-glucose interconversion, dihydroxyacetone phosphate and 


D-glyceraldehyde 3-phosphate can equilibrate by way of an enediol intermediate. 


25.7 (b) 


(c) 


CH,OH triose phosphate ice triose phosphate T 
C0 1somerase С—он isomerase H—C—OH 
Сњорон), CHOROED, Сњорон) 
О О 
Dihydroxyacetone Enediol D-Glyceraldehyde 
phosphate 3-phosphate 


The points of cleavage of p-ribose on treatment with periodic acid are as indicated. 


O 
г 

оа HCO,H 

H—— OH HCO,H 
ү 4HIO, 
H OH > НСО 
H—-OH НСО,Н 
CH,OH МР 
D-Ribose О 


Four moles of periodic acid per mole of D-ribose are required. Four moles of formic acid and 
one mole of formaldehyde are produced. 

Write the structure of methyl 8-p-glucopyranoside so as to identify the adjacent alcohol 
functions. 


HOCH 
HO =>) 


НО 


2HIO, He SO 
OCH, О ну 
HO а 


Methyl 8-p-glucopyranoside 
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Two moles of periodic acid per mole of glycoside are required. One mole of formic acid is 
produced. 

(d) There are two independent vicinal diol functions in this glycoside. Two moles of periodic acid 
are required per mole of substrate. 


CH,OH 
О 
HO-T-H ~ 
OM. осн, ^c9«. ocu, 0 
- 2HIO, 
+ HCH 
H\OH H/A H H 
CH HC 
H OH | | 
оо 


25.18 (а) The structure shown in Figure 25.2 is D-(+)-xylose; therefore (—)-xylose must be its mirror 
image and has the L-configuration at C-4. 


CHO CHO 
Н—— OH HO——H 
HO——H H——OH 
H——\OH HO——H 

CH,OH CH,OH 
D-(+)-Xylose L-(—)-Xylose 


(b)  Alditols are the reduction products of carbohydrates; D-xylitol is derived from D-xylose by 
conversion of the terminal —CHO to —CH,OH. 


CH,OH 
нон 


HO——H 


н——Он 
CH,OH 


p-Xylitol 


(c) Redraw the Fischer projection of p-xylose in its eclipsed conformation. 


CHO H 

H—— OH 
H 9 OH 
HO—T—H redrawn as 
OH H 

H—— OH HO H 

CH;OH H | OH H OH 

р-Ху1оѕе Eclipsed conformation Haworth formula of 


of D-xylose В-р-хуІоругапоѕе 
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The pyranose form arises by closure to a six-membered cyclic hemiacetal, with the C-5 
hydroxyl group undergoing nucleophilic addition to the carbonyl. In the B-pyranose form of 
D-xylose the anomeric hydroxyl group is up. 

The preferred conformation of B-D-xylopyranose is a chair with all the hydroxyl groups 


equatorial. 
О 
H OH : ES О 
OH H 1s better represented as HO OH 
HO H HO 
H OH 
Haworth formula of Chair conformation of 
В-р-хуІоругапоѕе В-р-хуІоругапоѕе 


(d) 1-Ху1оѕе is the mirror image of D-xylose. 


CHO CHO 

H——OH нон CH,OH 

HO 

HO——H H——0OH 
H HO CHO 

H——OH . HO-—H H 

CH,OH CH,OH но H 
р-Ху1оѕе L-Xylose Eclipsed conformation 

of L-xylose 


To construct the furanose form of L-xylose, the hydroxyl at C-4 needs to be brought into the 
proper orientation to form a five-membered ring. 


H OH 
rotate about 
C-3—C-4 bond 
H HO H 
HOCH) 
HO H HO H 


The о anomeric hydroxyl group is up in the L series. 
(e) Methyl a-L-xylofuranoside is the methyl glycoside corresponding to the structure just drawn. 


н „~ осн, 
Н HO/yq 
HOCH) 
HO H 
(f) Aldonic acids are derived from aldoses by oxidation of the terminal aldehyde to a carboxylic acid. 
H O HO О 
2 2 
Ес “сё 
H—— OH H—— ОН 
HO——H HO——H 
H——OH H——OH 
СЊОН СЊОН 


D-Xylose р-Ху1опіс acid 
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(о)  Aldonic acids tend to exist as lactones. A 6-lactone has a six-membered ring. 


HO. 220 
C 
O 
H OH H 
redrawn as intramolecular 
HO H ester formation OH H O 
HO 
H OH 
CH,OH H OH 
D-Xylonic acid Eclipsed conformation of 8-Lactone of D-xylonic acid 


D-xylonic acid 


(Л) А у-1асюпе has a five-membered ring. 


HOCH, „О 
rotate about И O 
C-3—C-4 bond H OH H 
H OH 
p-Xylonic acid y-Lactone of p-xylonic acid 


(i) | Aldaric acids have carboxylic acid groups at both ends of the chain. 


CHO CO,H 
H——OH H——OH 
HO——H HO——H 
H——OH H——OH 
CH,OH CO,H 
р-Ху1оѕе D-Xylaric acid 


25.19 (a) Reduction of aldoses with sodium borohydride yields polyhydroxylic alcohols called 
alditols. Optically inactive alditols are those that have a plane of symmetry, that is, those that 
are meso forms. The D-aldohexoses that yield optically inactive alditols are D-allose and 
D-galactose. 


CHO CH,OH CHO CH,OH 
H——OH Н—— OH Н—— OH Н—— ОН 
HOH ae НЕРОН MR wo, нон 
H——OH H——OH HO——H HO——H 
H——OH Н—— ОН Н—— OH Н—— ОН 

CH,OH CH,OH CH,OH CH,OH 

р-АПоѕе Allitol p-Galactose Galactitol 


(meso compound) (meso compound) 
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(Р) АП the aldonic acids and their lactones obtained on oxidation of the aldohexoses are optically 
active. The presence of a carboxyl group at one end of the carbon chain and a СЊОН at the 
other precludes the existence of meso forms. 

(c) Nitric acid oxidation of aldoses converts them to aldaric acids. The same D-aldoses found to 
yield optically inactive alditols in part (a) yield optically inactive aldaric acids. 

CHO CO;H CHO CO,H 
H——OH H—— OH H OH H——OH 
H—— OH HNO, H——OH HO H HNO, HO——H 
H——OH H——OH HO H HO——H 
H——OH Н—— OH H OH H——OH 
CH,OH CO,H CH,OH CO,H 
D-Allose Allaric acid D-Galactose Galactaric acid 
(meso compound) (meso compound) 
(d)  Aldoses that differ in configuration only at C-2 enolize to the same enediol. 
CHO I CHO 
H—— OH C—OH HO——H 
H—— OH H——OH H—— OH 
H—— OH H—— OH H—— OH 
H——OH H——OH H——OH 
CH,OH CH,OH CH,OH 
D-Allose Enediol D-Altrose 
The stereogenic center at C-2 in the p-aldose becomes sp?-hybridized in the enediol. 
The other pairs of p-aldohexoses that form the same enediols are 
D-Glucose and D-mannose 
D-Gulose and D-idose 
D-Galactose and p-talose 
25.20 (a) To unravel a pyranose form, locate the anomeric carbon and mentally convert the hemiacetal 
linkage to a carbonyl compound and a hydroxy] function. 
OH H он | 
CH 
HOCH, “О OH Е; HOCH; —OH 
OH H OH 
H 
OH OH H 
Convert the open-chain form to a Fischer projection. 
CHO 
HO——H 
H он | HO og 
CH HO——H 
HOCH, —OH . TOtateabout > about CH, O Н 
H OH Td 5 bond " equivalent to NETS. 
H 
OH H HO——H 
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(b) Proceed in the same manner as in part (а) and unravel the furanose sugar by disconnecting the 
hemiacetal function. 


CH,OH 
H H OH 0 н НО 
rotate about 
H H CH <3—C4 bond CH 
H HO 
HO OH HO OH 
The Fischer projection is 
CHO 
H—— ОН 
H—— ОН 
H—— OH 
H——H 
CH,OH 


(c) By disconnecting and unraveling as before, the Fischer projection is revealed. 


CHO 
I RO H H——OH 
О Н _OH 
equivalent to © H,;C—y7—OH 
Н.С m Н.С 
HO HO ^CHO = 
HO OH HO HE Н 
CH,OH 


(d) Remember in disconnecting cyclic hemiacetals that the anomeric carbon is the one that bears 
two oxygen substituents. 


HOCH носна 
HO =A HO | oH 
CH,OH H CH,OH 
HO | OH 
HO Ó 


HO OH 
rotate about 
C-5— C-6 bond 
CH,OH 
e H 
io иб а. СОН 
Н | ОН 
_ на < CH,OH 
H——OH 7 OH 
О НО OH О 
Н— ОН 
Н— | ОН 
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25.21 Begin the problem by converting the Fischer projection of D-ribose to a perspective view. Remem- 
ber that the horizontal lines of a Fischer projection represent bonds coming toward you, and the ver- 
tical lines are going away from you. 

CH—O CH—O 
OH H=—=0H 


OH is equivalent to H OH 


OH Но ОН 

CH,OH CH,OH 
Rank the groups attached to each stereogenic center. Identify each stereogenic center as either R or 
S according to the methods described in Chapter 7. Remember that the proper orientation of the low- 
est ranked group (usually H) is away from you. Molecular models will be helpful here. Each of the 


stereogenic centers in D-ribose has the R configuration. The IUPAC name of p-ribose is (2R,3R,AR)- 
2,3,4,5-tetrahydroxypentanal. 


CH—O 


25.22 (a) Ther sugars have the hydroxyl group to the left at the highest numbered stereogenic center in 
their Fischer projection. The L sugars are the ones in Problem 25.20a and c. 


CHO 
HO——H 


HOCH,7~|~o OH = ВОИ 
OH H—— OH Highest numbered 


stereogenic center is L. 


HO нон 
CH,OH 

CHO 

Н н——Он 
О 
? H4C——0H Highest numbered 
Н.С HO UZ stereogenic center is L. 
HO OH МОН 
CH,OH 


(b)  Deoxy sugars are those that lack an oxygen substituent on one of the carbons in the main 
chain. The carbohydrate in Problem 25.20b is a deoxy sugar. 


CH,OH 
H Но 


Е. 
No hydroxyl 
E аи group at C-5 


CH,OH 
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(c) 


(d) 


(е) 


(f) 
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Branched-chain sugars have a carbon substituent attached to the main chain; the carbohydrate 
in Problem 25.20c fits this description. 


CHO 

HO H——OH 
O 
> Methyl group attached” — H,C—.—OH 
H,C to main chain | 
НО EM 
HO OH Ho H 
CH,OH 


Only the sugar in Problem 25.20d is a ketose. 


CH,OH 
4—-— Ketone carbonyl 
C—O in Fischer 


Н—- он projection 


HOCH, 
HO Q 
> нон 
CH,OH 
HO EUM 
HO OH HE 
H—— он 
CH,OH 


A furanose ring is a five-membered cyclic hemiacetal. Only the compound in Problem 25.20b 
is a furanose form. 


HO OH 


In D sugars, the a configuration corresponds to the condition in which the hydroxyl group at 
the anomeric carbon is down. The а-р sugar is that in Problem 25.204. 


HOCH 
HO 29 
CH,OH 
HO 
HO OH 
Anomeric hydroxy ^ 
is down. 


a-Pyranose form of a D-ketose 


In the a-L series the anomeric hydroxyl 15 up. Neither of the L sugars—namely, those of 
Problem 25.20a and c—is a; both are B. 
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25.23 There are seven possible pentuloses, that is, five-carbon ketoses. The ketone carbonyl can be located 
at either C-2 or C-3. When the carbonyl group is at C-2, there are two stereogenic centers, giving 
rise to four stereoisomers (two pairs of enantiomers). 


CH,OH CH,OH CH,OH CH,OH 
C—O C—O C—O C—O 
H——OH HO——H HO——H H——OH 
H—— OH HO——H H——OH HO——H 
CH,OH CH,OH CH,OH CH,OH 
D-Erythropentulose L-Erythropentulose D-Threopentulose L-Threopentulose 
(p-ribulose) (L-ribulose) (р-хуІшоѕе) (L-xylulose) 


When the carbonyl group is located at C-3, there are only three stereoisomers, because one of them 
is a meso form and is superposable on its mirror image. 


CH,OH CH,OH CH,OH 
HO——H нон нон 
C=O C=O C=O 
нон но——н н——Он 
CH,OH CH,OH CH,OH 


25.24 (a)  Carbon-2 is the only stereogenic center in D-apiose. 


‘CHO 
H—+—OH 


HOCH,~|—OH 
CH,OH 


D-Apiose 
Carbon-3 is not a stereogenic center; it bears two identical CH,OH substituents. 


(b) The alditol obtained on reduction of D-apiose retains the stereogenic center. It is chiral and 
optically active. 


CHO CH,OH 
H—-—OH jg, нон 
HOCH,—+—OH HOCH, ——OH 
CH,OH CH,OH 
D-Apiose D-Apiitol 
(optically active) (optically active) 


(c, d) Cyclic hemiacetal formation in D-apiose involves addition of a CH,OH hydroxyl group to 
the aldehyde carbonyl. 
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Three stereogenic centers occur in the furanose form, namely, the anomeric carbon C-1 and 
the original stereogenic center C-2, as well as a new stereogenic center at C-3. 

In addition to the two furanose forms just shown, two more are possible. Instead of the 
reaction of the CH,OH group that was shown to form the cyclic hemiacetal, the other СЊОН 
group may add to the aldehyde carbonyl. 


OH H 
4 | 
CH,OH 5 
Н.С 2 H е two furanose forms shown on page 717 
3 2 
HO OH 
rotate C-3 
120° about the 
C-2—C-3 bond 
OH H ON он OM al 
P d | — P dr | 
к NE NEUE 
3 | А / 
2 4 4 
HOCH, ÓH HOCH, OH HOCH, OH 


25.25 The most reasonable conclusion is that all four are methyl glycosides. Two are the methyl glycosides 
of the a- and B-pyranose forms of mannose and two are the methyl glycosides of the a- and B- 


furanose forms. 
HOCH, ics HOCH, we 
HO. HO OCH, 
OCH, 


Methyl Methyl 
a-D-mannopyranoside В-р-таппоругапоѕійе 
CH,OH CH,OH 
HO H HO H 
ON н ОХ осн, 
Н\ОН HO/ocH, NOH нолу 
H H H H 
Methyl Methyl 
a-D-mannofuranoside В-р-таппоѓигапоѕійе 


In the case of ће methyl glycosides of mannose, comparable amounts of pyranosides and furano- 
sides are formed. The major products are the œ isomers. 


25.26 (а) Disaccharides, by definition, involve an acetal linkage at the anomeric position; thus all the 
disaccharides must involve C-1. The bond to C-1 can be а or В. The available oxygen atoms 
in the second p-glucopyranosyl unit are located at C- 1, C-2, C-3, C-4, and C-6. Thus, there are 
11 possible disaccharides, including maltose and cellobiose, composed of p-glucopyranosyl 
units. 
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aa(1,1) о ВИЛ) B.B(1,1) 

a(1,2) B(1,2) 

a(1,3) B(1,3) 

a(1,4) (maltose) 80,4) (cellobiose) 
a(1,6) B(1,6) 


(b) To be a reducing sugar, one of the anomeric positions must be a free hemiacetal. All except 
a,a(1,1), а ВА ,1), and B,8(1,1) are reducing sugars. 


25.27 Because gentiobiose undergoes mutarotation, it must have a free hemiacetal group. Formation of 
two molecules of D-glucose indicates that it is a disaccharide and because that hydrolysis is catalyzed 
by emulsin, the glycosidic linkage is В. The methylation data, summarized in the following equation, 
require that the glucose units be present in pyranose forms and be joined by a B(1,6)-glycoside bond. 


ROCH 
RO 2-9 


RO 


O—CH, о Site subject to 
mutarotation 
RO RO а when R = Н 
RO OR 
OR 


R = H: gentiobiose 


M 


R = CH,: gentiobiose octamethyl ether 


H,O* 
Y 
CHOCH, © HOCH, o 
CHO , CHO 
CH,O OH CH,O OH 
OCH, OCH, 
2,3,4,6- Tetra-O-methyl-p-glucose 2,3,4- Tri-O-methyl-p-glucose 


25.28 Like other glycosides, cyanogenic glycosides are cleaved to a carbohydrate and an alcohol on 
hydrolysis. 


(a) In the case of linamarin the alcohol is recognizable as the cyanohydrin of acetone. Once 
formed, this cyanohydrin dissociates to hydrogen cyanide and acetone. 


HOCH, HOCH, 
HO Q | НО О (Ha 
HO OC(CH,), + H,O н. HO OH + HOCCH, 
HO | enzyme HO | 
CN CN 
Linamarin p-Glucose Acetone 
cyanohydrin 


| 
CH,CCH, + HCN 


Acetone Hydrogen 
cyanide 
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(b)  Laetrile undergoes an analogous hydrolytic cleavage to yield the cyanohydrin of benzalde- 


hyde. 
a es ү + H,O xd i : + C,H;CHCN 
HO ны 2 HO OH sori 
HO HO H 
CN Ө 
Laetrile D-Glucuronic acid Benzaldehyde 


cyanohydrin 
О 
|| 


C,H,CH + HCN 


Benzaldehyde Hydrogen 
cyanide 


25.29 Comparing D-glucose, D-mannose, and D-galactose, it can be said that the configuration of C-2 has 
a substantial effect on the relative energies of the a- and B-pyranose forms, but that the configura- 
tion of C-4 has virtually no effect. With this observation in mind, write the structures of the pyranose 
forms of the carbohydrates given in each part. 


(a) The B-pyranose form of D-gulose is the same as that of D-galactose except for the configura- 


tion at C-3. 
HO HO HO 
CH,OH О CH,OH О CH,OH О 
НО OH OH ` 
3 HO HO HO 
HO HO OH 
В-р-бајасторугапозе В-р-Сшоругапоѕе а-р-Сиоругапоѕе 
(64% at equilibrium) (1,3 diaxial repulsion 


between hydroxyl groups) 


The axial hydroxyl group at C-3 destabilizes the a-pyranose form more than the В form be- 
cause of its repulsive interaction with the axially disposed anomeric hydroxyl group. There 
should be an even higher B/a ratio in D-gulopyranose than in D-galactopyranose. This is so; 
the observed B/a ratio is 88 : 12. 

(b) The B-pyranose form of D-talose is the same as that of D-mannose except for the configuration 


at C-4. 
OH OH 
носн, ОН носн, ОН носн, ФН 
| О 4 ро HO-4 m 
HO OH HO HO 
OH OH 
B-p-Talopyranose a-D-Talopyranose a-D-Mannopyranose 


(68% at equilibrium) 


Because the configuration at C-4 has little effect on the а- to B-pyranose ratio (compare 
D-glucose and D-galactose), we would expect that talose would behave very much like man- 
nose and that the a-pyranose form would be preferred at equilibrium. This is indeed the case; 
the а-ругапозе form predominates at equilibrium, the observed o/f ratio being 78 : 22. 
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(c) The pyranose form of D-xylose is just like that of D-glucose except that it lacks a CH,OH 


group. 
CH,OH 
HO 2_—0 HO О HO О 
НО OH HO OH HO 
OH OH OH 
OH 
B-p-Glucopyranose В-р-Ху!оругапозе a-D-Xylopyranose 


(64% at equilibrium) 


We would expect the equilibrium between pyranose forms in D-xylose to be much like that in 
D-glucose and predict that the B-pyranose form would predominate. It is observed that the 
В/а ratio in p-xylose is 64 : 36, exactly the same as in D-glucose. 

(d) The pyranose form of D-lyxose is like that of D-mannose except that it lacks a CH,OH group. 
As in D-mannopyranose, the o form should predominate over the B. 


OH OH OH 
HOCH 
HO OH HO HO 
OH OH 
В-р-Гухоругапове а-р-Гухоругапозе a-D-Mannopyranose 


(68% at equilibrium) 


The observed a/ distribution ratio in D-lyxopyranose is 73 : 27. 


25.30 (а) The rate-determining step in glycoside hydrolysis is carbocation formation at the anomeric 
position. The carbocation formed from methyl a-p-fructofuranoside (compound А) is tertiary 
and therefore more stable than the one from methyl a-pD-glucofuranoside (compound B), 
which is secondary. The more stable a carbocation is, the more rapidly it will be formed. 


Faster: 
HOCH, „О CH,OH HOCH, „О 
+ Ht “—CH,OH + CH,OH 
H\H HO OCH, H\H HO 
HO H HO H 
A Tertiary carbocation 
Slower: 
CH,OH CH,OH 
HO Но ü HO HO 
+ Н? —— —H + CHOH 
HNOH H OCH, HNOH H 
H OH H OH 


B Secondary carbocation 
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(b) The carbocation formed from methyl 8-p-glucopyranoside (compound D) is less stable than 
the one from its 2-deoxy analog (compound C) and is formed more slowly. It is destabilized 
by the electron-withdrawing inductive effect of the hydroxyl group at C-2. 


Faster: 
HOCH, HOCH, HOCH, 
HO О H*, fast HO Q —CH,0H HO О 
+ 
HO OCH, HO Сосн, Ww HO + 
| H 
H HH 
C More stable 
Slower: 
HOCH, HOCH, HOCH, 
HO Q ны НО о -снон HO Q 
+ 
HO OCH, HO Сосн, ^ зе HO Я 
ОН OH | | OH ^H 
HH 
D Less stable 


25.31  p-Altrosan is a glycoside. The anomeric carbon—the one with two oxygen substituents—has an 
alkoxy group attached to it. Hydrolysis of p-altrosan follows the general mechanism for acetal 


hydrolysis. 
i 
О, 05 
HOCH, H 
+ 
О Hau — O Hi ___- о 
OH OH OH 
OH OH OH 
HO HO HO 
conformational 
change 
CHO 
нон HOCH, 5 HOCH, ES 
HO = uo HO = 
Н— ОН ОН + 
Н 
H—— ОН ОН Н НО 
H——OH 
CH,OH 
D-Altrose 


25.32 Galactose has hydroxyl groups at carbons 2, 3, 4, 5, 6. Ten trimethyl ethers are therefore possible. 
2,3,4 2,4,5 3,4,5 4,5,6 


2,3,5 2,4,6 3,4,6 
2,3,6 2,5,6 3,5,6 
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To find out which one of these is identical with the degradation product of compound A, carry com- 
pound A through the required transformations. 


Q OH Q OCH, 
О CH,I О 
HOW Ag,0 СНО 


OH OCH, 


Compound A Tri-O-methyl ether of 
compound A 


d 


Н; 
(acetal hydrolysis) 


CHO 
H—|—OCH, 
CH,0—.—H 
HO—+-H 
H—|—OCH, 
CH,OH 


2,3,5-Tri-O-methyl- 
D-galactose 


25.33 The fact that phlorizin is hydrolyzed to D-glucose and compound A by emulsin indicates that it is a 
B-glucoside in which D-glucose is attached to one of the phenolic hydroxyls of compound В. 


OH 
HOCH, || 
ОНЕ + H,O . emulsin , е concu уон 
ОН 
D-Glucose (C,H,,0¢) Compound A (С,;Н,.О;) 


The methylation experiment reveals to which hydroxyl glucose is attached. Excess methyl iodide re- 
acts with all the available phenolic hydroxyl groups, but the glycosidic oxygen is not affected. Thus 
when the methylated phlorizin undergoes acid-catalyzed hydrolysis of its glycosidic bond, the oxy- 
gen in that bond is exposed as a phenolic hydroxyl group. 


СН.О 


Compound В 


This compound must arise by hydrolysis of 


eC) on 


O— -p-glucose 
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The structure of phlorizin is therefore 


CH,OH (e camcn Son 


HO O OH 
OH 


OH 
25.34 Consider all the individual pieces of information in the order in which they are presented. 


1. Chain extension of the aldopentose (—)-arabinose by way of the derived cyanohydrin gave 
a mixture of (+)-glucose and (+ )-mannose. 

Chain extension of aldoses takes place at the aldehyde end of the chain. The aldehyde 
function of an aldopentose becomes C-2 of an aldohexose, which normally results in two 
carbohydrates diastereomeric at C-2. Thus, (+)-glucose and (+)-mannose have the same 
configuration at C-3, C-4, and C-5; they have opposite configurations at C-2. The configu- 
ration at C-2, C-3, and C-4 of (—)-arabinose is the same as that at C-3, C-4, and C-5 of (+)- 
glucose and (4-)-mannose. 


2. Oxidation of (—)-arabinose with warm nitric acid gave an optically active aldaric acid. 
Because the hydroxyl group at C-4 of (—)-arabinose is at the right in a Fischer projection 
formula (evidence of step 1), the hydroxyl at C-2 must be to the left in order for the aldaric 
acid to be optically active. 


icio COH 
HO-À—H rera 
Зенон = buo 
нон PN in 
°CH,OH COH 
Partial stereostructure Aldaric acid from (—)-arabinose; 
of (—)-arabinose optically active irrespective of 


configuration at C-3 


If the C-2 hydroxyl group had been to the right, an optically inactive meso aldaric acid would 
have been produced. 


'сно CO,H 
H—-—OH HNO, H——OH 
*CHOH CHOH 
H——OH H——OH 
°CH,OH CO,H 


Achiral meso form; 
cannot be optically active 
Therefore we now know the configurations of C-3 and C-5 of (+)-glucose and (+)-mannose 
and that these two aldohexoses have opposite configurations at C-2, but the same (yet to be 
determined) configuration at C-4. 


‘CHO 'CHO 

н-2—он HOo—+--H 

но——н HO—I—H 
^CHOH ^CHOH 
Нон Нон 
°CH,OH °CH,OH 


[One of these is (+)-glucose, the other is (+)-таппозе.] 
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3. Both (+)-glucose and (+)-mannose are oxidized to optically active aldaric acids with nitric 
acid. 
Because both (+)-glucose and (+)-mannose yield optically active aldaric acids and both 
have the same configuration at C-4, the hydroxyl group must lie at the right in the Fischer pro- 
jection at this carbon. 


‘CHO ‘CHO 

HOH HO-L—H 

HO—I—H HO—I—H 
H—_OH Н-— ОН 
Нон Нон 
°CH,OH CH,OH 


[One of these is (+)-glucose, the other is (+)-mannose.] 


The structures of the corresponding aldaric acids are 


COH СОН 
н——он  HO-+—-H 
HO-—H HO——H 
H—— OH H—— он 
нон H—— OH 
СОН СОН 


Both are optically active. Had the C-4 hydroxyl group been to the left, one of ће aldaric acids 
would have been a meso form. 


CO.H CO,H 
нон HO——H 
HO——H HO——H 
HO——H HO——H 
H—|—OH Н—— Он 
COH COH 


(This aldaric acid is 
optically inactive.) 


4. There is another sugar, (+ )-gulose, that gives the same aldaric acid on oxidation as does 
(+)-glucose. 
This is the last piece in the puzzle, the one that permits one of the Fischer projections 
shown in the first part of step 3 to be assigned to (+)-glucose and the other to (+ )-mannose. 
Consider first the structure 


CHO CH,OH 
HO——H H—— OH 
HO——H HO——H 

equivalent to 
H——OH Н— ОН 
HO——H Н— ОН 
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Oxidation gives the aldaric acid 


COH 
H——OH 
HO-—H 
H—— OH 
H—— он 
COH 


CARBOHYDRATES 


This is the same aldaric acid as that provided by one of the structures given as either 
(+)-glucose or (+)-mannose. That Fischer projection therefore corresponds to (+)-glucose. 


CHO 
H——OH 
HO-—H 
H—1—OH 
H—1—OH 
CH,OH 


This must be (+)-glucose. 


The structure of (4-)-mannose is therefore 


CHO 
HO——H 
HO——H 

Н— OH 
Н— ОН 
CH,OH 
A sugar that yields the same aldaric acid is 

CH,OH 
HO——H 
HO——H 

Н OH 
Н— OH 
CHO 


This is, in fact, not a different sugar but simply (+)-mannose rotated through an angle 


of 180°. 


SELF-TEST 


CARBOHYDRATES 


PART A 


А-1. 


А-2. 


А-3. 


А-4. 


Draw the structures indicated for each of the following: 
(a) The enantiomer of D-erythrose 


H—— OH 
CH,OH 


(b)  Adiastereomer of D-erythrose 

(c) The a-furanose form of D-erythrose (use a Haworth formula) 

(d) The anomer of the structure in part (c) 

(e) Assign the configuration of each stereogenic center of D-erythrose as either R or S. 


The structure of D-mannose is 


CHO 
HO——H 
HO——H 

H——OH 
Н—— ОН 

CH,OH 

р-Маппозе 


Using Fischer projections, draw the product of the reaction of D-mannose with 
(a) NaBH, in H,O 

(b)  Benedict's reagent 

(c) Excess periodic acid 


Referring to the structure of D-arabinose shown, draw the following: 
(a) The a-pyranose form of D-arabinose 
(b) The B-furanose form of p-arabinose 
(c) The B-pyranose form of L-arabinose 


CH,OH 
D-Arabinose 


Using text Figure 25.2, identify the following carbohydrate: 


CH,OH 
HO О он 
H 
H HO 
H H 
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A-5. Write structural formulas for the œ- and 8-methyl pyranosides formed from the reaction of 
D-mannose (see Problem A-2 for its structure) with methanol in the presence of hydrogen 
chloride. How are the two products related—are they enantiomers? Diastereomers? 

PART B 

B-1. Choose the response that provides the best match between the terms given and the structures 
shown. 

CHO CHO CHO CH,OH 
Н— ОН HO——H HO——H с=0 
Н— ОН Н— OH HO——H H——OH 
Н— OH Н— OH HO——H H——OH 

CH,OH CH,OH CH,OH CH,OH 

1 2 3 4 
Diastereomers Enantiomers 
(a) 1, 3, and 4 1 and 3 
(b) 1 and 2 1 and 3 
(c) 1, 2, and 3 1 and 3 
(d) 1 and 4 1 and 2 

B-2. Ар carbohydrate is 
(a) Always dextrorotatory 
(b) Always levorotatory 
(c) Always the anomer of the corresponding L carbohydrate 
(d) None of the above 

B-3. Two of the three compounds shown yield the same product on reaction with warm HNO}. 
The exception is 

CHO CHO CHO 
HO——H HO——H HO——H 
(a) H——OH (D нон (0 но——н (d) None of these 
(all yield the 
H—1—0H H——OH Н— ОН same product) 
CH,OH CH, CH,OH 
B-4. The optical rotation of the а form of a pyranose is + 150.7°; that of the В form is +52.8°. In 
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solution an equilibrium mixture of the anomers has an optical rotation of +80.2°. The per- 
centage of the a form at equilibrium is 


(a) 28% 


(b) 32% 


(c) 


68% 


(d) 72% 
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B-5. Which of the following represents the anomer of the compound shown? 


HOCH, „О 


(a) (c) 


(b) (d) None of these 
ОН НО/Н 


HOCH? 
H H 


B-6. Which of the following aldoses yields an optically inactive substance on reaction with 
sodium borohydride? 


CHO CHO CHO CHO 
H——0OH H——OH HO——H HO——H 
H——OH HO——H HO——H H——OH 
HO——H H——OH HO——H H——OH 
CH,OH CH,OH CH,OH CH,OH 
1 2 3 4 
(a) 3only (c) 2and3 
(b  land4 (d) AMH(1,2,3, and 4) 


B-7. Which set of terms correctly identifies the carbohydrate shown? 


О сн,он 
H H OH 
HO OH 

1. Pentose 5. Aldose 

2. Pentulose 6. Ketose 

3. Hexulose 7. Ругапозе 
4. Нехозе 8. Furanose 

(a) 2,6,8 (c) 1,5,8 


(b 2,6,7 (d) Asetof terms other than these 
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B-8. The structure of D-arabinose is shown in Problem A-3. Which of the following is 
L-arabinose? 


CHO CHO CHO CHO CHO 
HO——H HO——H нон  HO——H нон 
H——OH H——OH HO——H HO——H HO——H 
H——OH HO—-—H HO——H H——OH H—— OH 

CH,OH CH,OH CH,OH нон нон 
CH,OH CH,OH 
(a) (b) (c) (d) (e) 


B-9. Which one of the statements concerning the equilibrium shown is true? 


HOCH, H HOCH, H 
"arie = “жр 

(a) The two structures are enantiomers of each other. They have equal but opposite opti- 
cal rotations and racemize slowly at room temperature. 

(b) The two structures are enantiomers of each other. They racemize too rapidly at room 
temperature for their optical rotations to be measured. 

(c) The two structures are diastereomers of each other. Their interconversion is called 
mutarotation. 

(d) The two structures are diastereomers of each other. Their interconversion does not 
require breaking and making bonds, only a change in conformation. 


(e)  Thetwo structures are diastereomers of each other. One is a furanose form, the other a 
pyranose form. 


B-10. The configurations of the stereogenic centers in D-threose (shown) are 


(а) 2R,3R (р)  2R3S (c) 253К (d) 25,35 


CHAPTER 26 
LIPIDS 


SOLUTIONS TO TEXT PROBLEMS 


26.1 The triacylglycerol shown in text Figure 26.2a, with an oleyl group at C-2 of the glycerol unit and 
two stearyl groups at C-1 and C-3, yields stearic and oleic acids in a 2 : 1 molar ratio on hydrolysis. 
A constitutionally isomeric structure in which the oleyl group is attached to C-1 of glycerol would 
yield the same hydrolysis products. 


О 
|| | 
| CH,OC(CHL) dH | CH,OC(CH,),CH=CH(CH,)/CH, 
CHICH)JCH - CHC) COC or CH.(CHJ,COCH 
CH,OGCH2«CH; сн (Ссндсн; 
О Ó 
3H,0 


q CH,OH О 
CH,(CH,),CH=CH(CH,),COH + HOCH + 2HOC(CH,),.CH; 
CH,OH 


Oleic acid Glycerol Stearic acid 


731 


732 


26.2 


26.3 


26.4 
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The sulfur of acyl carrier protein acts as a nucleophile and attacks the acetyl group of acetyl 
coenzyme A. 


P 
[м Ју | 
CH,CSCoA + HS—ACP CH,C Сод CH,CS—ACP + HSCoA 
М0 | 
S— ACP 
Acetyl Acyl carrier Tetrahedral S-Acetyl acyl Coenzyme A 
coenzyme A protein intermediate carrier protein 


Conversion of acyl carrier protein-bound tetradecanoate to hexadecanoate proceeds through the 
series of intermediates shown. 


| 
CH,(CH,),,CS—ACP 


О 


| 
HO,CCH,CS— АСР 


| 
CH,(CH,),,CCH,CS— ACP 


OH O 


[ 
CH,(CH,),,CHCH,CS— ACP 


| 
CH,(CH,),,CH=CHCS—ACP 


| 


|| 
CH,(CH,),;CH,CH,CS—ACP 


The structure of L-glycerol 3-phosphate is shown in a Fischer projection. Translate the Fischer pro- 
jection to a three-dimensional representation. 


CH,OH CH;OH HO COE 
HO——H = HO=C—=H same as C—H 
СН,ОРО,Н, CH,OPO,H, Н,О;РОСН, 
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The order of decreasing sequence rule precedence is 
HO— > H,O,POCH,— > HOCH,— > H— 


When the three-dimensional formula is viewed from a perspective in which the lowest ranked sub- 
stituent is away from us, we see 


HOCH, OH 
te) 
| 
Н,О,РОСН, 


Order of decreasing rank is 
clockwise, therefore R. 


The absolute configuration is R. 
The conversion of L-glycerol 3-phosphate to a phosphatidic acid does not affect any of the bonds 
to the stereogenic center, nor does it alter the sequence rule ranking of the substituents. 


| CH Пов О 
i | 
C—H R'CO— > ЊОРОСЊ— > RCOCH,— > H— 
Н,О,РОСН, 


The absolute configuration is К. 


26.5  Cetyl palmitate (hexadecyl hexadecanoate) is an ester in which both the acyl group and the alkyl 
group contain 16 carbon atoms. 


| 
CH4(CH,),,CO(CH,),,CH, 


Hexadecyl hexadecanoate 


26.6 The structure of PGE, is found in text Figure 26.5. 


The problem states that PGE, has one more double bond than PGE, and that it is biosynthesized 
from arachidonic acid. Arachidonic acid (text Table 26.1) has a double bond at C-5, and thus PGE, 
has the structure shown. 


а О 
СООН E 
several steps ў М“ “соон 
CH, ===. Я p CH, 
HÓ ÓH 


Arachidonic acid PGE, 
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26.7 Isoprene units are P fragments in the carbon skeleton. Functional groups and multiple bonds 
are ignored when structures are examined for the presence of isoprene units. 


a-Phellandrene (two equally correct answers): 


9-9 


Menthol (same carbon skeleton as a-phellandrene but different functionality): 


„Он „ОН 
or 


Citral: 


a-Selinene is shown in text Section 26.7. 


Farnesol: 


OH 


Abscisic acid: 


Р COH 


Cembrene (two equally correct answers): 


Vitamin A: 


2.048 Е 
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26.8  B-Carotene is a tetraterpene because it has 40 carbon atoms. The tail-to-tail linkage is at the midpoint 
of the molecule and connects two 20-carbon fragments. 


Tail-to-tail link between isoprene units 


26.9 Isopentenyl pyrophosphate acts as an alkylating agent toward farnesyl pyrophosphate. Alkylation is 
followed by loss of a proton from the carbocation intermediate, giving geranylgeranyl pyrophos- 
phate. Hydrolysis of the pyrophosphate yields geranylgeraniol. 


OPP 
е р А 
SS x МЫ ОРР 


Farnesyl pyrophosphate Isopentenyl pyrophosphate 
+ 
SS SS SS t OPP 
H H 
—H* 
Su. Su. EN Su. OPP 


Geranylgeranyl pyrophosphate 


H,O 


OH 


Geranylgeraniol 


26.10 Borneol, the structure of which is given in text Figure 26.7, is a secondary alcohol. Oxidation of 
borneol converts it to the ketone camphor. 


H5CrO, 


OH О 


Borneol Camphor 
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Reduction of camphor with sodium borohydride gives a mixture of stereoisomeric alcohols, of 
which one is borneol and the other isoborneol. 


NaBH, и 
H OH 
O OH 


H 


Camphor Borneol Isoborneol 


26.11 Figure 26.8 in the text describes the distribution of C (denoted by *) in citronellal biosynthesized 
from acetate enriched with C in its methyl group. 


CH,CO,H 


If, instead, acetate enriched with "С at its carbonyl carbon were used, exactly the opposite distribu- 
tion of the "C label would be observed. 


CH,CO,H 


Ey 7 ЕЗ 


When "CH,CO)H is used, C-2, C-4, C-6, C-8, and both methyl groups of citronellal are labeled. 
When CH,'*CO,H is used, C-1, C-3, C-5, and C-7 are labeled. 


26.12 (5) The hydrogens that migrate in step 3 are those at C-13 and C-17 (steroid numbering). 


As shown in the coiled form of squalene 2,3-epoxide, these correspond to hydrogens at C-14 
and C-18 (systematic IUPAC numbering). 


(c) The carbon atoms that form the C, D ring junction in cholesterol are C-14 and C-15 of squalene 
2,3-epoxide. It is the methyl group at C-15 of squalene 2,3-epoxide that becomes the methyl 
group at this junction in cholesterol. 
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(d) The methyl groups that are lost are the methyl substituents at C-2 and C-10 plus the methyl 
group that is C-1 of squalene 2,3-epoxide. 


©) 

us 

2 ES хы. де | 
D 


26.13 Tracking the "С label of "CH4CO,H through the complete biosynthesis of cholesterol requires a 
systematic approach. First, by analogy with Problem 26.11, we can determine the distribution of "С 
(denoted by *) in squalene 2,3-epoxide. 


Next, follow the path of the "C-enriched carbons in the cyclization of squalene 2,3-epoxide to 
lanosterol. 


Lanosterol 


then on to 
cholesterol 


Cholesterol 
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26.14 Ву analogy to the reaction in which 7-dehydrocholesterol is converted to vitamin D,, the structure 
of vitamin D, can be deduced from that of ergosterol. 


7-Dehydrocholesterol Ergosterol 


light light 


Vitamin О. Vitamin D3 


26.15 (а) Fatty acid biosynthesis proceeds by the joining of acetate units. 
O О О 
бй secon Е ДЕ 
Acetyl coenzyme А Acetoacetyl coenzyme A Palmitoyl coenzyme А 


Thus, the even-numbered carbons will be labeled with "C when palmitic acid is biosynthe- 
sized from '*CH,CO,H. 


CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,CH,CO,H 
(b)  Asnoted in Problem 26.6, arachidonic acid (Table 26.1) is the biosynthetic precursor of PGE,. 


The distribution of the C label in PGE, biosynthesized from "CH,CO,H reflects the fatty 
acid origin of the prostaglandins. 


PGE, 


(c) Limonene is a monoterpene, biosynthesized from acetate by way of mevalonate and isopen- 


tenyl pyrophosphate. 
* 
* 

14, nw Е ў 

CH,CO,H 2 У ОРР 

2 

ж ж 
Acetic acid Isopentenyl Limonene 


pyrophosphate 
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(d) The distribution of the "С label in B-carotene becomes evident once its isoprene units are 
identified. 


B-Carotene 


26.16 Тһе carbon chain of prostacyclin is derived from acetate by way of a Су, fatty acid. Trace a contin- 
uous chain of 20 carbons beginning with the carboxyl group. Even-numbered carbons are labeled 
with “С when prostacyclin is biosynthesized from '*CH,CO,H. 


* 


СООН 
О * 
* ж ЕЯ ж x 
RA. CH, 
HO OH 


Prostacyclin 


26.17 The isoprene units in the designated compounds are shown by disconnections in the structural 
formulas. 


(a)  Ascaridole: 


"^ £5 


(b) Dendrolasin: 


(c)  y-Bisabolene 


(d) a-Santonin 
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(e)  Tetrahymanol 


Tail-to-tail linkage CN 
of isoprene units 


26.18 Of the four isoprene units of cubitene, three of them are joined in the usual head-to-tail fashion, but 
the fourth one is joined in an irregular way. 


Tg Irregular linkage of this 


isoprene unit to remainder 
of molecule 


26.19 (а) Cinerin Iis an ester, the acyl portion of which is composed of two isoprene units, as follows: 


O 
— О 
О 
EM 
Cinerin I 


(b) Hydrolysis of cinerin I involves cleavage of the ester unit. 


O o O 
— О H,O == | is 
H 
O со НО 
uu. Su 


Cinerin I (+)-Chrysanthemic 
acid 


Chrysanthemic acid has the constitution shown in the equation. Its stereochemistry is revealed 
by subsequent experiments. 


O 
| нос“ | | 
ЖА 1.0 
COH 2. SPENT COH + CH,CCH, 
(+)-Chrysanthemic (—)-Caronic acid Acetone 


acid 
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Because caronic acid is optically active, its carboxyl groups must be trans to each other. (The 
cis stereoisomer is an optically inactive meso form.) The structure of (+)-chrysanthemic acid 
must therefore be either the following or its mirror image. 


The carboxyl group and the 2-methyl-1-propenyl side chain must be trans to each other. 


26.20 (a) Hydrolysis of phrenosine cleaves the glycosidic bond. The carbohydrate liberated by this 
hydrolysis is D-galactose. 


CHO 
CH,OH нон 
О 
HO OH са 
H HO H 
OH H =. ches 
i ü HO H 
H OH Pai 
CH,OH 


Phrenosine is a B-glycoside of D-galactose. 
(b) The species that remains on cleavage of the galactose unit has the structure 


CH,(CH,),,CH—CHCHOH О 


H—C—NHCCH(CH,), СН, 


| 
HOCH, OH 


The two substances, sphingosine and cerebronic acid, that are formed along with D-galactose 
arise by hydrolysis of the amide bond. 


CH,(CH,),,CH—CHCHOH || 


| 
эв + HOC Нено она 
HOCH, OH 


Sphingosine Cerebronic acid 


26.21 (а) Catalytic hydrogenation over Lindlar palladium converts alkynes to cis alkenes. 


CH,(CH,), (CH,),COOH 
= Lindlar Pd DONE À 
CH,(CH,),C=C(CH,),COOH + Н, 291, = 
H H 
9-Octadecynoic acid (Z)-9-Octadecenoic acid (74%) 


(stearolic acid) (oleic acid) 
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(b) Carbon—carbon triple bonds are converted to trans alkenes by reduction with lithium and 


ammonia. 
CH,(CH,), H 
1. Li, NH, \ 
CH,(CH,),C=C(CH,),COOH == =C, 
| H (CH,),COOH 
9-Octadecynoic acid (E)-9-Octadecenoic acid (97%) 
(stearolic acid) (elaidic acid) 


(c) The carbon-carbon double bond is hydrogenated readily over a platinum catalyst. Reduction 
of the ester function does not occur. 


| | 
H,, Pi 
(Z)-CH,(CH,),CH=CH(CH,),COCH,CH, sm CH,(CH,),,COCH,CH, 
Ethyl (Z)-9-octadecenoate Ethyl octadecanoate (9196) 
(ethyl oleate) (ethyl stearate) 


(d) Lithium aluminum hydride reduces the ester function but leaves the carbon-carbon double 
bond intact. 


| 1. LiAlH, 


(РЕНО ACEC CHC) Coe ино Сане ла он + CH,OH 
OH OH 
Methyl (Z)-12-hydroxy-9-octadecenoate (Z)-9-Octadecen-1,12-diol (52%) Methanol 


(methyl ricinoleate) 


(e)  Epoxidation of the double bond occurs when an alkene is treated with a peroxy acid. The 
reaction is stereospecific; substituents that are cis to each other in the alkene remain cis in the 


epoxide. 
CH;(CH)); сон О 
(Z)-CH,(CH,),CH=CH(CH,),COOH + C,H,CO,0H C—G, + СН.СОН 
Oleic acid Peroxybenzoic cis-9, 10-Epoxyoctadecanoic acid Benzoic acid 
acid (62-67%) 


(f)  Acid-catalyzed hydrolysis of the epoxide yields a diol; its stereochemistry corresponds to net 
anti hydroxylation of the double bond of the original alkene. 


CH;(CH)), (CH,),COOH CH,(CH;), OH 
ered H,O* НС 
H^ V ^H но УН 
О (CH,),COOH 
cis-9,10-Epoxyoctadecanoic acid 9,10-Dihydroxyoctadecanoic acid 


The product is chiral but is formed as a racemic mixture containing equal amounts of the 
9R,10R and 95,105 stereoisomers when the starting epoxide is racemic. 
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(e) Hydroxylation of carbon-carbon double bonds with osmium tetraoxide proceeds with syn ad- 
dition of hydroxyl groups. 


CH(CH,,  (CH,);COOH 


1. OsO,, (CH4),COOH, но“ Н.А ASH 
(Z-CH(CH);,CH—CH(CH),COO0H === > Aes 
| HO OH 
9,10-Dihydroxyoctadecanoic acid 
(70%) 


The product is chiral but is formed as a racemic mixture containing equal amounts of the 
9R,10S and 9S,10R stereoisomers. 

(h)  Hydroboration-oxidation gives syn hydration of carbon-carbon double bonds with a regio- 
selectivity contrary to Markovnikov’s rule. The reagent attacks the less hindered face of the 
double bond of а-ршепе. 


Methyl group shields top 


face of double bond. 
Сн) CH, Н.С CH, 
H 
H C 1. В.Н, diglyme HO 
2. H,0,, HO 
Н.С 
fF, H 


B,H, attacks from 
this direction. 


CH, 
Isopinocampheol (79%) 


(i) The starting alkene in this case is B-pinene. As in the preceding exercise with a-pinene, diborane 
adds to the bottom face of the double bond. 


Methyl group shields top 


face of double bond. 
= CH, H,C, CH, 
1. B,H,, diglyme 
> 
2. H,0,, НО“ 
HOCH, 
ч н 

BH, attacks from cis-Myrtanol (81%) 


this direction. 


(j) The starting material is an acetal. It undergoes hydrolysis in dilute aqueous acid to give а 
ketone. 


(95% yield) 
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26.22 (a) There are no direct methods for the reduction of a carboxylic acid to an alkane. A number of 
indirect methods that may be used, however, involve first converting the carboxylic acid to an 
alkyl bromide via the corresponding alcohol. 


1. LiAIH, HBr, heat 


2. H,O CH4(CB5),,CH;OH or PBr, 


CH,(CH,),,CO,H СН,(СН,),«СН,Вг 


Octadecanoic acid 1-Octadecanol 1-Bromooctadecane 


Once the alkyl bromide is in hand, it may be converted to an alkane by conversion to a Grignard 
reagent followed by addition of water. 


CH,(CH,),,CH,Br CH,(CH,),,CH,MgBr CH,(CH,),.CH; 


Mg 
жтт ы Ж 
diethyl ether 


1-Bromooctadecane Octadecane 


Other routes are also possible. For example, E2 elimination from 1-bromooctadecane 
followed by hydrogenation of the resulting alkene will also yield octadecane. 
(b)  Retrosynthetic analysis reveals that the 18-carbon chain of the starting material must be attached 
to a benzene ring. 


{У сну, > {у + (СН) СН, 


1-Phenyloctadecane 


The desired sequence may be carried out by a Friedel-Crafts acylation, followed by Clemmensen 
or Wolff—Kishner reduction of the ketone. 


О 
soci, | Е | 
CHCH) COH = ——"—> CHCH) ССІ ла > C(CH,),<CH; 


Octadecanoic acid Octadecanoyl chloride 1-Phenyl-1-octadecanone 


Zn(Hg), HCl 


( \-caycn, СН, 


1-Phenyloctadecane 


(c) First examine the structure of the target molecule 3-ethylicosane. 


CH,(CH,),,CHCH,CH, 


| 
CH,CH, 


Retrosynthetic analysis reveals that two ethyl groups have been attached to a С; unit. 


CH,(CH,),<CH—CH,CH, > CH.(CHJ, CH— + 2CH,CH,— 
CH,CH, 
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The necessary carbon-carbon bonds can be assembled by the reaction of an ester with two 
moles of a Grignard reagent. 


О OH 
even Cod + 2CH,CH,MgBr = _ = d стране 
CH,CH, 
Ethyl octadecanoate Ethylmagnesium 3-Ethyl-3-icosanol 


(from octadecanoic acid bromide 
and ethanol) 


With the correct carbon skeleton in place, all that is needed is to convert the alcohol to the 
alkene. This can be accomplished by dehydration and reduction. 


OH 
| Н,80, 
CH,CH,,,CCH,CH, — — о. + CH4(CHj),,CH—CCH,CH, 
CH,CH, CH,CH, CH,CH, 
3-Ethyl-3-icosanol 3-Ethyl-2-icosene 3-Ethyl-3-icosene 


H,, Pt 


єн ндү НЕНЕН, 
CH,CH, 


3-Ethylicosane 


(d) Icosanoic acid contains two more carbon atoms than octadecanoic acid. 


CH,(CH,),;CO,H > CH4CHj,CH,Br + CH,CO,H 


Icosanoic acid 


A reasonable approach utilizes a malonic ester synthesis. 


NaOCH,CH 
CH,(CH,),,CH,Br + CH,(CO,CH,CH;), + CH,(CH,),,CH,CH(CO,CH,CH,), 


1-Bromooctadecane Diethyl malonate Diethyl 2-octadecylmalonate 
[prepared as in part (a)] 


1. HO”, HO 


2.H* 
3. heat 


CH4CH,),,CH,CH,CO)H 


Icosanoic acid 
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(e) The carbon chain must be shortened by one carbon atom in this problem. A Hofmann rearrange- 
ment (text Section 20.17) is indicated. 


1. SOCI, | Вг, НО- 
СН;(СН,) COH — NH; CH4CH4CNH, ————  CH,(CH,),,NH, 


Octadecanoic acid Octadecanamide 1-Heptadecanamine 


(f) Lithium aluminum hydride reduction of octadecanamide gives the corresponding amine. 


O 
| 1. LiAlH, 
CH,(CH,), CNH, но CH,(CH,),,CH,NH, 
Octadecanamide 1-Octadecanamine 


[from part (e)] 


(g) Chain extension can be achieved via cyanide displacement of bromine from 1-bromoocta- 
decane. Reduction of the cyano group completes the synthesis. 


KCN в 1. LiAIH, 
CH,(CH,),,CH,Br CH,(CH,),(CH,C=N uo СН,(СН,) «СН,СН,МН, 
1-Bromooctadecane Nonadecanenitrile 1-Nonadecanamine 
[from part (a)] 
26.23 First acylate the free hydroxyl group with an acyl chloride. 
|| 
CHOH о CH,OCR 
|| 
О + RCCI оо 
ње CH, H,C CH, 


Treatment with aqueous acid brings about hydrolysis of the acetal function. 


| 
CH,OCR 6 6 
0" || | 
ш | КОР ДНО ОСЕ + CH,CCH, 
ње CH, OH 


The two hydroxyl groups of the resulting diol are then esterified with 2 moles of the second acyl 
chloride. 

| | | 
НОСЊСНСЊОСЕ + 2R'CCI R'COCH,CHCH;,OCR 


| 
OH R'CÓ 


26.24 The overall transformation 
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requires converting the alcohol function to some suitable leaving group, followed by substitution by 
an appropriate nucleophile. 


PBr, E NaSCH, PPS 
е “ Bp — 7 SCH, 


3-Methyl-3-buten-1-0l 4-Bromo-2-methyl- 3-Methyl-3-butenyl 
1-butene methyl sulfide 


As reported in the literature, the alcohol was converted to its corresponding p-toluenesulfonate ester 
and this substance was then used as the substrate in the nucleophilic substitution step to produce the 
desired sulfide in 76% yield. 


26.25 The first transformation is an intramolecular aldol condensation. This reaction was carried out under 
conditions of base catalysis. 


O 
NaOH -H,O 
> — > 
H,O, ethanol HO 
О 
6-Methyl-2,5- (Not isolated) 3-Isopropyl-2- 
heptanedione cyclopentenone (71%) 


The next step is reduction of a ketone to a secondary alcohol. Lithium aluminum hydride is suitable; 
it reduces carbonyl groups but leaves the double bond intact. 


LUAH, | 
оно ” 


3-1зоргору1-2- 3-1зоргору1-2- 
cyclopentenone cyclopenten- 1-ol (97%) 


Conversion of an alkene to a cyclopropane can be accomplished to using the Simmons-Smith 
reagent (iodomethylzinc iodide). 


OH 
E 2 I, 
тасш ^ 


3-Isopropyl-2- 5-Isopropylbicyclo[3.1.0]hexan-2-ol 
cyclopenten-1-ol (66%) 


Oxidation of the secondary alcohol to the ketone can be accomplished with any of a number of 
oxidizing agents. The chemists who reported this synthesis used chromic acid. 


OH O 
H,CrO,, H,SO, 
————————» 
H,O, acetone 


5-Isopropylbicyclo- 5-Isopropylbicyclo[3.1.0]hexan-2-one 
[3.1.0]hexan-2-ol (89%) 
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A Wittig reaction converts the ketone to sabinene. 


О CH, 


ton 
(СИ РСН» 
— a 


5-Isopropylbicyclo- Sabinene 
[3.1.0]hexan-2-one (7096) 


26.26 The first step is a 1,4 addition of hydrogen bromide to the conjugated diene system of isoprene. 


E їй |н 

ЖЕР. rcc 

Br7-H + CH,=CCH=CH, CH,C-xCH=CH, CH,C=CH—CH,Br 
m 

Hydrogen 2-Methyl- 1-Bromo-3- 

bromide 1,3-butadiene methyl-2-butene 


This is followed by Markovnikov addition of hydrogen bromide to the remaining double bond. 


CH, CH, CH, 
сабрани: н- Св Ca cc ono Ci er Gita: 
Nu n | 
1-Bromo-3-methyl- Hydrogen 1,3-Dibromo-3- 
2-butene bromide methylbutane 


26.27 А reasonable mechanism is protonation of the isolated carbon-carbon double bond, followed by 
cyclization. 


ENS 
NN ы s So К < О 
H 
H47080,0H 
< < 


S ENS 
a-Ionone a des 
< Зо 


В-Топопе 


SELF-TEST 
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26.28 The double bond has a tendency to become conjugated with the carbonyl group. Two mechanisms 
are more likely than any others under conditions of acid catalysis. One of these involves protonation 
of the double bond followed by loss of a proton from C-4. 


MAN 


H,C ILC T Н.С Г 
ry tus qM 
re LIH. 
O H O + О 
H HHH 


E 
H 


The other mechanism proceeds by enolization followed by proton-induced double-bond migration. 


On t 
a H H m 
H,0* 
HC нс 
Г | | 
—H 
H a 
О ~o Ё 
H H 


26.29 See the June, 1995, issue of the Journal of Chemical Education, pages 541—542, for the solution to 
this problem. 


26.30 Solutions to molecular modeling exercises are not provided in this Study Guide and Solutions Man- 
ual. You should use Learning By Modeling for this exercise. 


PART A 


A-1. Write a balanced chemical equation for the basic hydrolysis of tristearin. 


A-2. Both waxes and fats are lipids that contain the ester functional group. In what way do the 
structures of these lipids differ? 


A-3. Classify each of the following isoprenoid compounds as a monoterpene, a diterpene, and so 
on. Indicate with dashed lines the isoprene units that make up each structure. 


(a) а-Ріпепе: (c)  Abietic acid: 
CO,H 


(b) |Caryophyllene: 
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A-4. Propose a series of synthetic steps to carry out the preparation of oleic acid [(Z)-9-octa- 
decenoic acid] from compound A. You may use any necessary organic or inorganic reagents. 


„© 
HC=C(CH,),CH 3 
No 
A 


A-5. Write a mechanism for the biosynthetic pathway by which limonene is formed from geranyl 
pyrophosphate. 


2 


— 


p OPP 


Geranyl pyrophosphate Limonene 


PART B 


B-1. А major component of a lipid bilayer is 
(a) A triacylglycerol such as tristearin 
(b)  Phosphatidylcholine, also known as lecithin 
(c) A sterol such as cholesterol 
(d) A prostaglandin such as PGE, 


B-2. Compare the following two triacylglycerols: 


CH50;CC,;H,; ОС 
CHO,CC,,H,, oo 17H31 
CH,0,CC,7H35 СЊОСС „На 


A B 
(a) Тће melting point of A will be higher. 
(b) The melting point of B will be higher. 


(c) The melting points of A and B will be the same. 
(d) Nocomparison of melting points can be made. 


B-3.  Lanosterol, a biosynthetic precursor of cholesterol, exists naturally as a single enantiomer. 
How many possible stereoisomers having the lanosterol skeleton are there? 


HO 
Lanosterol 


(a) 7 (р) 64 (c) 128 (d) 256 


LIPIDS 


B-4. 


B-5. 


B-6. 
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The compound whose carbon skeleton is shown, known as selinene, is found in celery. 


This substance is an example of a 
(a) Monoterpene (c) Sesquiterpene 
(b) Diterpene (d) Тшегрепе 


Which of the following correctly represents the isoprenoid units of selinene? 


(a) VEM (c) Both of these are acceptable 


(b) (d) Neither of these is acceptable 


What is the distribution of radioactive carbon (C) іп isopentenyl pyrophosphate biosynthe- 


sized from acetic acid labelled with “С at its carboxyl carbon (CH,CO,H)? "C is indicated 
by an asterisk (*) in the structures. 


CHAPTER 27 


AMINO ACIDS, PEPTIDES, AND PROTEINS. 
NUCLEIC ACIDS 


SOLUTIONS TO TEXT PROBLEMS 


27.1 (b) L-Cysteine is the only amino acid in Table 27.1 that has the R configuration at its stereogenic 


center. 
+ 
со, n HSCH, H 
+ 2 2 
HN-[-H = 6-00 = SO, 
+ 
CH,SH НЅСН, HN 
L-Cysteine 


The order of decreasing sequence rule precedence is 
H,N— > HSCH,— > —CO, > H— 


When the molecule is oriented so that the lowest ranked substituent (H) is held away from us, 
the order of decreasing precedence traces a clockwise path. 


чё, Е 
Clockwise; therefore А 
The reason why L-cysteine has the R configuration while all the other L-amino acids have 


the S configuration lies in the fact that the —CH,SH substituent is the only side chain that 
outranks — CO, according to the sequence rule. Remember, rank order is determined by 
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atomic number at the first point of difference, and —C—S outranks —C—O. In all the 
other amino acids — СО  outranks the substituent at the stereogenic center. The reversal in 
the Cahn-Ingold-Prelog descriptor comes not from any change in the spatial arrangement of 
substituents at the stereogenic center but rather from a reversal in the relative ranks of the 
carboxylate group and the side chain. 

(с) The order of decreasing sequence rule precedence in L-methionine is 


И 
H,N— > —CO, > —CH,CH,SCH, > H— 


Sulfur is one atom further removed from the stereogenic center, and so C—O outranks 


QS. 
" 
CO, HS 
+ = 
HA—|-H = (00; 


CH,CH,SCH,  CH,SCH,CH, 


The absolute configuration is S. 


27.2 The amino acids in Table 27.1 that have more than one stereogenic center are isoleucine and threo- 
nine. The stereogenic centers are marked with an asterisk in the structural formulas shown. 


CH,CH,CH—CHCO, свн —нсог 
CH, "NH, OH 'NH, 


Isoleucine Threonine 
27.3 (b) The zwitterionic form of tyrosine is the one shown in Table 27.1. 


но—( У-снсисо, 


*NH, 


(c) As base is added to the zwitterion, a proton is removed from either of two positions, the am- 
monium group or the phenolic hydroxyl. The acidities of the two sites are so close that it is not 
possible to predict with certainty which one is deprotonated preferentially. Thus two struc- 
tures are plausible for the monoanion: 


но—( j-cmcnco, and о—(_}у—снснсо, 
NH, "NH, 


In fact, the proton on nitrogen is slightly more acidic than the phenolic hydroxyl, as measured 
by the pK, values of the following model compounds: 


pK, 9.75 


\но—(_у—снснсо, єнө—(_у—снєнсо, 


*N(CH;); "NH, 
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(d) On further treatment with base, both the monoanions in part (c) yield the same dianion. 
o-( _}у—сненсо, 
NH, 


At pH 1 the carboxylate oxygen and both nitrogens of lysine are protonated. 


i 
УСАНА НО 
*NH, 


(Principal form at pH 1) 


As the pH is raised, the carboxyl proton is removed first. 


H,NCH,CH,CH,CH,CHCOJH + но“ 


+ 
а а ос + H,O 
*NH, "NH, 

The pK, value for the first ionization of lysine is 2.18 (from Table 27.3), and so this process is 
virtually complete when the pH is greater than this value. 

The second pK, value for lysine is 8.95. This is a fairly typical value for the second pK, of amino 
acids and likely corresponds to proton removal from the nitrogen on the а carbon. The species that 
results is the predominant one at pH 9. 


H,NCH,CH,CH,CH.CHCO; + но“ HNCH,CH,CH,CH,CHCO; + HO 


*NH, NH, 


(Principal form at pH 9) 


The pK, value for the third ionization of lysine is 10.53. This value is fairly high compared with 
those of most of the amino acids in Tables 27.1 to 27.3 and suggests that this proton is removed from 
the nitrogen of the side chain. The species that results is the major species present at pH values 
greater than 10.53. 


HNCH,CH,CH,CH,CHCO, + но“ кеннен Нов 


NH, NH, 


(Principal form at pH 13) 


To convert 3-methylbutanoic acid to valine, a leaving group must be introduced at the o carbon prior 
to displacement by ammonia. This is best accomplished by bromination under the conditions of the 
Hell—Volhard—Zelinsky reaction. 


Br,, P NH 
(CH,),CHCH,CO,H a one ИУ a : ы eed 
Br *NH, 
3-Methylbutanoic 2-Bromo-3-methylbutanoic Valine 


acid acid 
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Valine has been prepared by this method. The Hell-Volhard-Zelinsky reaction was carried out in 
88% yield, but reaction of the a-bromo acid with ammonia was not very efficient, valine being 
isolated in only 48% yield in this step. 


In the Strecker synthesis an aldehyde is treated with ammonia and a source of cyanide ion. The 
resulting amino nitrile is hydrolyzed to an amino acid. 


O 
| NH, К 1. HO”, heat P 
(CH,),CHCH = о T: (CH),CHCHCO, 
NH, *NH, 
2-Methylpropanal 2-Amino-3- Valine 
methylbutanenitrile 


As actually carried out, the aldehyde was converted to the amino nitrile by treatment with an aque- 
ous solution containing ammonium chloride and potassium cyanide. Hydrolysis was achieved in 
aqueous hydrochloric acid and gave valine as its hydrochloride salt in 6596 overall yield. 


The alkyl halide with which the anion of diethyl acetamidomalonate is treated is 2-bromopropane. 


О 
|| NaOCH,CH, || 
CH,CNHCH(CO,CH,CH,) + (CHj,CHBr -сненон” | CHCNHC(CO;CH;CHy), 
CH(CH,), 
Diethyl acetamidomalonate 2-Bromopropane Diethyl 


acetamidoisopropylmalonate 


This is the difficult step in the synthesis; it requires a nucleophilic substitution of the S42 type in- 
volving a secondary alkyl halide. Competition of elimination with substitution results in only a 37% 
observed yield of alkylated diethyl acetamidomalonate. 

Hydrolysis and decarboxylation of the alkylated derivative are straightforward and proceed in 
85% yield to give valine. 


О 
|| HBr, H,O + heat + = 
CH,CNHC(CO,CH,CH,, = H4NC(CO,H), =o. NCH: 
CH(CH,), CH(CH,), CH(CH,), 
Diethyl 2-Aminoisopropylmalonic Valine 
acetamidoisopropylmalonate acid 
The overall yield of valine (31%) is the product of 37% X 85%. 
Ninhydrin is the hydrate of a triketone and is in equilibrium with it. 
O O 
OH 
=== O + H,O 
OH 
O О 
Hydrated form of Triketo form of 
ninhydrin ninhydrin 

An amino acid reacts with this triketone to form an imine. 

O O 

= НО = 
о + BONES, ш 
+ 
b NH, b к 
Triketo form of a-Amino acid Imine 


ninhydrin 
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This imine then undergoes decarboxylation. 


R 
р но PO CHR 

ны NEN 2 
AN О: CLE № +00, 
О О 


The anion that results from the decarboxylation step is then protonated. The product is shown as its 
diketo form but probably exists as an enol. 


О О 
НЕ 
‚е N—CHR _ 
КЕ N + HO OH 
H 
© О 


This amine then reacts with a second molecule of the triketo form of ninhydrin to give an imine. 


О 
О О О 
NH, N 
+0 —— 
H H 
Ó 
O О O 


Proton abstraction from the neutral imine gives its conjugate base, which is a violet dye. 


О 
О О О 
à 
CES Es ger ee + H,O 
Со xn E о O 


Violet dye 


27.9 The carbon that bears the amino group of 4-aminobutanoic acid corresponds to the a carbon of an 
a-amino acid. 
CH,CH,CH,CO, - arises by decarboxylation of - O,CCHCH,CH,CO, - 
*NH, *NH, 


4-Aminobutanoic acid Glutamic acid 
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27.10 (b) Alanine is the N-terminal amino acid in Ala-Phe. Its carboxyl group is joined to the nitrogen 
of phenylalanine by a peptide bond. 


| 
H,NCHC—NHCHCO, ar 
CH, c. НОСНЕ 


Alanine ' Phenylalanine 


(c) The positions of the amino acids are reversed in Phe-Ala. Phenylalanine is the N terminus and 
alanine is the C terminus. 
| 
т 
Ka FA 
СеН;СН, | CH, 


Phenylalanine Alanine 


(d) The carboxyl group of glycine is joined by a peptide bond to the amino group of glutamic 


acid. 
О 
NGC  NHCHCO; GE 
! (ш; 
Glycine | Glutamic acid 


The dipeptide is written in its anionic form because the carboxyl group of the side chain is 
ionized at pH 7. Alternatively, it could have been written as a neutral zwitterion with a 


CH,CH,CO,H side chain. 
(e) The peptide bond in Lys-Gly is between the carboxy] group of lysine and the amino group of 
glycine. 
| 
H,NCHC—NHCH,CO, KG 
H,NCH,CH,CH,CH, 


Lysine Glycine 


The amino group of the lysine side chain is protonated at pH 7, and so the dipeptide is written 
here in its cationic form. It could have also been written as a neutral zwitterion with the side 
chain H,NCH,CH,CH,CH,. 

(f) Both amino acids are alanine in р-АЈа-р-АЈа. The fact that they have the D configuration has 
no effect on the constitution of the dipeptide. 


| 
H,NCHC—NHCHCO,” p-A-p-A 


| 
CH, . CH, 


Alanine Alanine 
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(b) When amino acid residues in a dipeptide are indicated without a prefix, it is assumed that the 
configuration at the a carbon atom is L. For all amino acids except cysteine, the L configura- 
tion corresponds to S. The stereochemistry of Ala-Phe may therefore be indicated for the 
zigzag conformation as shown. 


о CHCH; 
HN мн 
3 у чу со, 
Н.С H 


The L configuration corresponds to S for each of the stereogenic centers in Ala-Phe. 

(c) Similarly, Phe-Ala has its substituent at the N-terminal amino acid directed away from us, 
whereas the C-terminal side chain is pointing toward us, and the L configuration corresponds 
to S for each stereogenic center. 


(d) There is only one stereogenic center in Gly-Glu. It has the L (or 5) configuration. 


о CH,CH,CO, 


HN а 
N^ “CO, 


(e) In order for the N-terminal amino acid in Lys-Gly to have the L (ог 5) configuration, its side 
chain must be directed away from us in the conformation indicated. 


O 
2 
HN о _ 
X H 2 


$ 


H,NCH,CH,CH,CH, Н 


(f) Тһе configuration at both a-carbon atoms in D-Ala-D-Ala is exactly the reverse of the config- 
uration of the stereogenic centers in parts (a) through (e). Both stereogenic centers have the D 
(or R) configuration. 


O H CH 


+ NES 
H4N ~ 
3 усо, 


н CH; 


Figure 27.7 in the text gives the structure of leucine enkephalin. Methionine enkephalin differs from 
it only with respect to the C-terminal amino acid. The amino acid sequences of the two pentapep- 
tides are 


Tyr-Gly-Gly-Phe-Leu Tyr-Gly-Gly-Phe-Met 


Leucine enkephalin Methionine enkephalin 


The peptide sequence of a polypeptide can also be expressed using the one-letter abbreviations 
listed in text Table 27.1. Methionine enkephalin becomes YGGFM. 
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27.13 Twenty-four tetrapeptide combinations are possible for the four amino acids alanine (A), glycine 
(G), phenylalanine (F), and valine (V). Remember that the order is important; AG is not the same 
peptide as GA. Using the one-letter abbreviations for each amino acid the possibilities are 


AGFV AGVF AFGV AFVG AVGF AVFG 
GAFV GAVF GFAV GFVA GVFA GVAF 
FAGV FAVG FVAG FVGA FGAF FGFA 

VAGF VAFG VGAF VGFA VFAG VFGA 


2714 Chymotrypsin cleaves a peptide selectively at the carboxyl group of amino acids that have aromatic 
side chains. The side chain of phenylalanine is a benzyl group, C;H;CH,—. If the dipeptide isolated 
after treatment with chymotrypsin contains valine (V) and phenylalanine (F), its sequence must 
be VF. 


О О 
| | | | chymotrypsin | | | | 


+ + Е 
H4N шашке Rest of peptide E loe H4N o er + Rest of peptide 
(CH,),CH СН,С,Н, (CH,),CH СН,С,Н, 


Valine Phenylalanine Valinylphenylalanine (VF) 


The possible sequences for the unknown tetrapeptide are VFAG and VFGA. 


27.15 The Edman degradation removes the N-terminal amino acid, which is identified as a phenylthiohy- 
dantoin derivative. The first Edman degradation of Val-Phe-Gly-Ala gives the phenylthiohydantoin 
derived from valine; the second gives the phenylthiohydantoin derived from phenylalanine. 


(es Cols 
first N. second М. 
Iman degradation 5 О man degradation 5 О 
vae dya а, IL d 
HN HN 
CH(CH,), СН,С,Н, 


27.16 Lysine has two amino groups. Both amino functions are converted to amides on reaction with 
benzyloxycarbonyl chloride. 


|| || 
H,NCHCO, + 2C,H,CH,OCCI о 
H,NCH,CH,CH,CH, C,H,CH,OCNHCH,CH,CH,CH, 


| 
Ó 


27.17 The peptide bond of Ala-Leu connects the carboxyl group of alanine and the amino group of leucine. 
We therefore need to protect the amino group of alanine and the carboxyl group of leucine. 
Protect the amino group of alanine as its benzyloxycarbonyl derivative. 


O 
+ || || 
Со + С.Н.СН,ОССІ o 
CH, CH, 
Alanine Benzyloxycarbonyl Z-Protected alanine 


chloride 
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Protect the carboxy] group of leucine as its benzyl ester. 


HNCHCO, + C,H,CH,OH Aue H,NCHCO,CH,C,H, 
(CH,),CHCH, (CH,),CHCH, 
Leucine Benzyl alcohol Leucine benzyl ester 


Coupling of the two amino acids is achieved by №, N’-dicyclohexylcarbodiimide (DCCI)-promoted 
amide bond formation between the free amino group of leucine benzyl ester and the free carboxyl 
group of Z-protected alanine. 


| | Deci | | 


C,H;CH,OCNHCHCO,H + H;NCHCOCH COH, ОСН НОМ НОС 
CH, (CH,),CHCH, CH,  CH,CH(CHj) 
Z-Protected alanine Leucine benzyl ester Protected dipeptide 


Both the benzyloxycarbonyl protecting group and the benzyl ester protecting group may be removed 
by hydrogenolysis over palladium. This step completes the synthesis of Ala-Leu. 


| | | Н, Pd 


| 
C,H,CH,OCNHCHCNHCHCOCH,C,H; H.NCHÓNHCHCO, 
CH, CH,CH(CH,), CH, CH,CH(CH,), 
Protected dipeptide Ala-Leu 


27.18 As in the DCCI- promoted coupling of amino acids, the first step is the addition of the Z-protected 
amino acid to DCCI to give an O-acylisourea. 


| | NC4H,, 
ZNHCHCOH + C,H,,N=C—=NC,H,, ZNHCHCO—C 
| | NHC,H,, 
Z-Protected DCCI O-Acylisourea 
amino acid 


This O-acylisourea is attacked by p-nitrophenol to give the p-nitrophenyl ester of the Z-protected 


amino acid. 
m 
| ме | | 
on Yön + reoc ом У-обк + СН, NHCNHC,H,, 


NHC,H,, 


27.19 То add a leucine residue to the N terminus of the ethyl ester of Z-Phe-Gly, the benzyloxycarbonyl 
protecting group must first be removed. This can be accomplished by hydrogenolysis. 


О 
|| 


| | H,, Pd 
H,NCHCNHCH,COCH,CH, 


C,H,;CH,OCNHCHCNHCH,COCH,CH, 


C,H,CH, C,H,CH, 


Z-Protected ethyl ester of Phe-Gly Phe-Gly ethyl ester 
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The reaction shown has been carried out in 100% yield. Alternatively, the benzyloxycarbonyl 
protecting group may be removed by treatment with hydrogen bromide in acetic acid. This latter 
route has also been reported in the chemical literature and gives the hydrobromide salt of Phe-Gly 
ethyl ester in 82% yield. 

Once the protecting group has been removed, the ethyl ester of Phe-Gly is allowed to react with 
the p-nitrophenyl ester of Z-protected leucine to form the protected tripeptide. Hydrogenolysis of 
the Z-protected tripeptide gives Leu-Phe-Gly as its ethyl ester. 


О О О 
сиснобчисно—( vo, + ELNCHCNHOH;COCH CH: 
о Е 
p-Nitropheny] ester of Phe-Gly ethyl ester 


Z-protected leucine 


To 7 
C,H,CH,OCNHCHCNHCHCNHCH,COCH,CH, 
(СНУСНСН, _ CH,C,H, 


Z-protected Leu-Phe-Gly ethyl ester 


H,, Pd 


ЖИ ан | 
H,NCHCNHCHCNHCH,COCH,CH, 


| | 
(CH) CHCH, СН,С,Н, 


Leu-Phe-Gly ethyl ester 


27.20 Amino acid residues are added by beginning at the C terminus in the Merrifield solid-phase 
approach to peptide synthesis. Thus the synthesis of Phe-Gly requires glycine to be anchored to the 
solid support. Begin by protecting glycine as its tert-butoxycarbonyl (Boc) derivative. 


О 

|| | 
(CHj,COCCI + H,NCH,CO,” (CH,),COCNHCH,CO,H 
tert-Butoxycarbonyl Glycine Boc-Protected glycine 


chloride 


The protected glycine is attached via its carboxylate anion to the solid support. 


| 
(CH,),COCNHCH,CO,H 


О О 
| | 


ЕС (CH,),COCNHCH,COCH,—resin 


2. CICH,—resin 


Boc-Protected glycine 
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The amino group of glycine is then exposed by removal of the protecting group. Typical conditions 
for this step involve treatment with hydrogen chloride in acetic acid. 


| 

: НСІ : 

(CH,),;COCNHCH,COCH,—resin == H,NCH,COCH,,— resin 
3 acetic acid 2 2 2 
Boc-Protected, resin-bound glycine Resin-bound glycine 


To attach phenylalanine to resin-bound glycine, we must first protect the amino group of phenyl- 
alanine. A Boc protecting group is appropriate. 


| | 
(CH,),COCCI + HNCHCO, (CH,),COCNHCHCO,H 
CH,C,H, CH,C,H, 
tert-Butoxycarbonyl Phenylalanine Boc-Protected phenylalanine 


chloride 


Peptide bond formation occurs when the resin-bound glycine and Boc-protected phenylalanine are 
combined in the presence of DCCI. 


О О О 
(CA) COCNIGHCO + а бон resin. — 09 о осон rein 
CH,C,H, CH,C,H, 
Boc-Protected phenylalanine Resin-bound glycine Boc-Protected, resin-bound Phe-Gly 


Remove the Boc group with НС! and then treat with HBr in trifluoroacetic acid to cleave Phe-Gly 
from the solid support. 


O 
| | | " 1. НС], acetic acid t | B 
(CHj,COCNHCHCNHCH,COCH,—resin mecum; Н,МСНСМНСН,СО, 
CH,C,H; CH,C,H; 
Boc-Protected, resin-bound Phe-Gly Phe-Gly 


27.21 The numbering of the ring in uracil and its derivatives parallels that in pyrimidine. 


О О 
+ 3 = 
- н | HN | 
2 
Ay 6 очу 6 ^y 


Pyrimidine Uracil 5-Fluorouracil 


F 


AMINO ACIDS, PEPTIDES, AND PROTEINS. NUCLEIC ACIDS 763 


27.22 (b)  Cytidine is present in RNA and so is a nucleoside of D-ribose. The base is cytosine. 


OH OH 


(c) X Guanosine is present in RNA and so is a guanine nucleoside of D-ribose. 


OH OH 


27.23 Table 27.4 in the text lists the messenger RNA codons for the various amino acids. The codons for 
valine and for glutamic acid are: 


Valine: GUU GUA GUC GUG 
Glutamic acid: GAA GAG 


As can be seen, the codons for glutamic acid (GAA and GAG) are very similar to two of the codons 
(GUA and GUG) for valine. Replacement of adenine in the glutamic acid codons by uracil causes 
valine to be incorporated into hemoglobin instead of glutamic acid and is responsible for the sickle 
cell trait. 


27.24 The protonated form of imidazole represented by structure A is stabilized by delocalization of the 
lone pair of one of the [p The positive charge is shared e both nitrogens. 


p 
2 


> 


7D 
Ss ch ect ——. К нне 


b: 


Ан NH 


< La 


A 


The positive charge in structure B is localized on a single nitrogen. Resonance stabilization of the 
type shown in structure A is not possible. 


е 


Structure А is the more stable protonated form. 
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27.25 The following outlines a synthesis of G-alanine in which conjugate addition to acrylonitrile plays а 
key role. 


Н›О, HO 
heat 


NH 
H,C=CHC=N ` H,NCH,CH,C=N H,NCH,CH,CO,” 


Acrylonitrile 3-Aminopropanenitrile B-Alanine 


Addition of ammonia to acrylonitrile has been carried out in modest yield (31-33%). Hydrolysis of 
the nitrile group can be accomplished in the presence of either acids or bases. Hydrolysis in the pres- 
ence of Ba(OH), has been reported in the literature to give B-alanine in 85-90% yield. 


27.26 (а) The first step involves alkylation of diethyl malonate by 2-bromobutane. 


CH,CH,CHCH(COOCH,CH,), 


CH.CH,CHCH, *YCH(COOCH.CH). 
(b CH, 


2-Bromobutane Anion of diethyl malonate Compound A 


In the second step of the synthesis, compound A is subjected to ester saponification. Follow- 
ing acidification, the corresponding diacid (compound B) is isolated. 


е i. сонро, 
CH, CH, 
Compound A Compound В (C,H,,0,) 


Compound B is readily brominated at its a-carbon atom by way of the corresponding enol 


form. 
H 
| | је“ | |] 
С С С С С С 
HO^ Ус “он HO О он —® но” 227 “он 
CH,CH,CH Н | CH,CH,CH Br 
| CH,CH,CH ee] 
CH, | CH, 
CH, 
Compound B Enol form Compound C 
(CH, ,BrO,) 


When compound C is heated, it undergoes decarboxylation to give an a-bromo carboxylic acid. 


CH,CH,CH—C(COOH), heat а. + CO, 
CH, Br CH, Br 

Compound C Compound D Carbon 

dioxide 


Treatment of compound D with ammonia converts it to isoleucine by nucleophilic substitution. 


ех: + NH, 
CH, Br CH, МН, 


CH,CH,CH—CHCO,* 


Compound D Isoleucine (racemic) 


27.27 


27.28 
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(b) The procedure just described can be adapted to the synthesis of other amino acids. The group 
attached to the a-carbon atom is derived from the alkyl halide used to alkylate diethyl 
malonate. Benzyl bromide (or chloride or iodide) would be appropriate for the preparation of 


phenylalanine. 
C,H,CH,Br C,H;CH,CHCO, | 
"NH, 
Benzyl bromide Phenylalanine 
(racemic) 


Acid hydrolysis of the triester converts all its ester functions to free carboxyl groups and cleaves 
both amide bonds. 


CH,COOH | 


(кн | Сон 
N—C(COOCH,CH,), + 5H,O Hi H,N—C(COOH), + 

C—OH 
О | 

О 


The hydrolysis product is a substituted derivative of malonic acid and undergoes decarboxylation 
on being heated. The product of this decarboxylation is aspartic acid (in its protonated form under 
conditions of acid hydrolysis). 


CH,COOH 


| heat 


H,N—C(COOH), 


CH,COOH 


| 
H,N—CHCOOH + CO, 


Carbon 
dioxide 


Aspartic acid 


Aspartic acid is chiral, but is formed as a racemic mixture, so the product of this reaction is not 
optically active. The starting triester is achiral and cannot give an optically active product when it 
reacts with optically inactive reagents. 


The amino acids leucine, phenylalanine, and serine each have one stereogenic center. 


RCHCO,- Leucine: R— = (CH4CHCH, — 
n Phenylalanine: R— = C,H,CH,— 
NH, Serine: R— = HOCH,— 


When prepared by the Strecker synthesis, each of these amino acids is obtained as a racemic mix- 
ture containing 50% of the D enantiomer and 50% of the L enantiomer. 


О 
| 


H,O, H* =. 
RCH + NH, + HCN ROEN = ВСНСО, 
МН, *NH, 
Chiral, but 


racemic 


Thus, preparation of the tripeptide Leu-Phe-Ser will yield a mixture of 2? (eight) stereoisomers. 


D-Leu-D-Phe-D-Ser 
D-Leu-D-Phe-L-Ser 
D-Leu-L-Phe-D-Ser 
D-Leu-L-Phe-L-Ser 


L-Leu-L-Phe-L-Ser 
L-Leu-L-Phe-pD-Ser 
L-Leu-D-Phe-L-Ser 
L-Leu-D-Phe-D-Ser 
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27.29 Bradykinin is a nonapeptide but contains only five different amino acids. Three of the amino acid 


residues are proline, two are arginine, and two are phenylalanine. Five peaks will appear on the strip 
chart after amino acid analysis of bradykinin. 


Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg 


2Arg + 3Pro + Gly + 2Phe + Ser 


27.30 Asparagine and glutamine each contain an amide function in their side chain. Under the conditions 


of peptide bond hydrolysis that characterize amino acid analysis, the side-chain amide is also 
hydrolyzed, giving ammonia. 


О 
H,NCCH,CHCO, + HO —— NH, + НОСНЕ 
Пи “NH, 
Asparagine Water Ammonia Aspartic acid 
О О 
поен нео + H,O NH, + окен нос 
*NH, Au, 
Glutamine Water Ammonia Glutamic acid 


27.31 (а) 1-Fluoro-2,4-dinitrobenzene reacts with the amino group of the N-terminal amino acid іп a 
nucleophilic aromatic substitution reaction of the addition-elimination type. 


О.М МО, 
al EE CX 4 3 
on (+ + HNCHONHCH,CNHCHCO, NHCHCNHCH,CNHCHCO,H 


| | 
(CH,),CHCH, CH,OH (CH;),CHCH, CH,OH 


1-Fluoro-2,4- Leu-Gly-Ser DNP-Leu-Gly-Ser 
dinitrobenzene 


(b) Hydrolysis of the product in part (a) cleaves the peptide bonds. Leucine is isolated as its 2,4- 
dinitrophenyl (DNP) derivative, but glycine and serine are isolated as the free amino acids. 


ON NO, ON NO, 
O О hydrolysis О + _ E _ 
CL | [ = Ге | + HsNCH,CO,” + FENCHEO; 


N йа HCH,CN eo N ш CH,OH 
(CH,),CHCH, CH,OH (CH,),CHCH, 
DNP-Leu-Gly-Ser DNP-Leu 


Gly Ser 
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(c) Phenyl isothiocyanate is a reagent used to identify the N-terminal amino acid of a peptide by 
the Edman degradation. The N-terminal amino acid is cleaved as a phenylthiohydantoin 
(PTH) derivative, the remainder of the peptide remaining intact. 


CH; 
О | О 
+ | Е 1. С;Н,М==С=5 5 М О + | = 
ЧОН НЫ НАНБЫ, Ку эз + EHNCHONHOHOO, 
у HN 
CH,CH,CH үн: CH,C,H, cen, CH,  CH.CH, 
CH,  CH,COH CH, CH,CO,H 
Ile-Glu-Phe PTH derivative of Glu-Phe 
isoleucine 


(d) Benzyloxycarbonyl chloride reacts with amino groups to convert them to amides. The only 
free amino group in Asn-Ser-Ala is the N terminus. The amide function of asparagine does not 
react with benzyloxycarbonyl chloride. 


MEN | үүт | 


HNCHONHCHCN ш + C,H,;CH,OCCI а КЫН E E Rac 
CH C C 


ть | 2 3 "us us CH, 
C OH C OH 
27 22 
O^ “мн, O^ “мн, 
Asn-Ser-Ala Benzyloxycarbonyl Z-Asn-Ser-Ala 
chloride 


(e) The Z-protected tripeptide formed in part (d) is converted to its C-terminal p-nitrophenyl 
ester on reaction with p-nitrophenol and N,N’-dicyclohexylcarbodiimide (DCCI). 


О 
| 


|| || 
Сое испао + ох— он 
CH CH, CH, 


C OH 
O^ “мн, 
Z-Asn-Ser-Ala p-Nitrophenol 
DCCI 
Ji No ЖЕ a 
о МО, 

en CH, 
C OH 

O^ ^ NH, 


Z-Asn-Ser-Ala p-nitrophenyl ester 
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(f) The p-nitrophenyl ester prepared in part (e) is an "active" ester. The p-nitrophenyl group is a 
good leaving group and can be displaced by the amino nitrogen of valine ethyl ester to form a 
new peptide bond. 


Jochen | | 
C.H.CHLOCNHCHONHCHENHCHCO{_"—N, + H,NCHCOCH,CH, 
С 


| H, CH, CH, CH(CH,), 
C OH 
27 
O^ “мн, 
Z-Asn-Ser-Ala p-nitrophenyl ester Valine ethyl ester 


| 


и 
о 


| | 
CH, CH, CH, CH(CH,), 


Z-Asn-Ser-Ala- Val ethyl ester 


(e) Hydrogenolysis of the Z-protected tetrapeptide ester formed in part (f) removes the 
Z protecting group. 


КЕ ӨЕ ИИ АИ Де eil 


H,, Pd 
e а а yee ee - о раа ае 
ri cH, CH, CH(CH,), (в, (6 CH,  CH(CH,, 
C OH C OH 
O^ “ин, O^ “мн, 
Z-Asn-Ser-Ala- Val ethyl ester Asn-Ser-Ala-Val ethyl ester 


27.32 Consider, for example, the reaction of hydrazine with a very simple dipeptide such as Gly-Ala. 
Hydrazine cleaves the peptide by nucleophilic attack on the carbonyl group of glycine. 


pode euo а || 
ое + H,NNH, H,NCH,CNHNH, + HNCHCO, 
CH, CH, 


Gly-Ala Hydrazine Hydrazide of glycine Alanine 


It is the C-terminal residue that is cleaved as the free amino acid and identified in the hydrazinoly- 
sis of peptides. 


27.33 


27.34 


27.35 
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Somatostatin is a tetradecapeptide and so is composed of 14 amino acids. The fact that Edman 
degradation gave the PTH derivative of alanine identifies this as the N-terminal amino acid. 
A major piece of information is the amino acid sequence of a hexapeptide obtained by partial 
hydrolysis: 


Ala-Gly-Cys-Lys-Asn-Phe 


Using this as a starting point and searching for overlaps with the other hydrolysis products gives the 
entire sequence. 


Ala-Gly-Cys-Lys-Asn-Phe 
Asn-Phe-Phe-Trp-Lys 
Phe-Trp 
Lys-Thr-Phe 

Thr-Phe-Thr-Ser-Cys 
Thr-Ser-Cys 
Ala-Gly-Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-Cys 
12 3 4 5 6 7 8 9 10 11 12 13 14 


The disulfide bridge in somatostatin is between cysteine 3 and cysteine 14. Thus, the primary struc- 
ture is 


Lys-Asn-Phe-Phe-Trp-Lys 
Ala-Gly-Cys 
S-S-Cys-Ser-Thr-Phe-Thr 


It is the C-terminal amino acid that is anchored to the solid support in the preparation of peptides 
by the Merrifield method. Refer to the structure of oxytocin in Figure 27.8 of the text and note that 
oxytocin, in fact, has no free carboxyl groups; all the acyl groups of oxytocin appear as amide 
functions. Thus, the carboxy] terminus of oxytocin has been modified by conversion to an amide. 


| 
There are three amide functions of the type CNH, , two of which belong to side chains of as- 
paragine and glutamine, respectively. The third amide belongs to the C-terminal amino acid, glycine, 
| | 

—NHCH,COH, which in oxytocin has been modified so that it appears as —NHCH,CNH, . There- 
fore, attach glycine to the solid support in the first step of the Merrifield synthesis. The carboxyl 
group can be modified to the required amide after all the amino acid residues have been added and 
the completed peptide is removed from the solid support. 


Purine and its numbering system are as shown: 
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In nebularine, D-ribose in its furanose form is attached to position 9 of purine. The stereochemistry 


at the anomeric position is В. 
2 М 
E 
SS 
N N 


OH OH 


9-B-p-Ribofuranosylpurine 
(nebularine) 


27.36 The problem states that vidarabine is the arabinose analog of adenosine. Arabinose and ribose differ 


only in their configuration at C-2. 
NH, 
2 М 
Wao 
N 


HOCH, „О 

н\н НО 
ОН ОН OH H 
Adenosine Vidarabine 


27.37  Nucleophilic aromatic substitution occurs when 6-chloropurine reacts with hydroxide ion by an 
addition—elimination pathway. 


Ia © ОН OH 
А | SN’ А HÖF H,O А | GN y 
N 52 БЯ heat N г N x? 
H H H 


6-Chloropurine 


The enol tautomerizes to give hypoxanthine. 


OH O a 
N EN N d 
T= O 
үсе Non? 


Hypoxanthine 
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27.38 Nitrous acid reacts with aromatic primary amines to yield diazonium ions. 


NH, 
N < М 
и 

a 


HONO, H* 


—` 


ОН ОН 


Adenosine 


Treatment of the diazonium ion with water yields a phenol. Tautomerization gives inosine. 


OH OH 


Inosine 


27.39 The carbon atoms of the ribose portion of a nucleoside are numbered as follows: 


- 
HOCH, „О 


3! 2, 
OH OH 


(а) A5’-nucleotide has a phosphate group attached to the C-5’ hydroxyl. 


O 


OH OH 


Inosinic acid 
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(b)  Deoxy nucleosides have hydrogens in place of hydroxyl groups at the positions indicated with 
boldface. 


2',3'-Dideoxyinosine 


All the bases in the synthetic messenger RNA prepared by Nirenberg were U; therefore, the codon 
is UUU. By referring to the codons in Table 27.4, we see that the UUU codes for phenylalanine. 
A polypeptide in which all the amino acid residues were phenylalanine was isolated in Nirenberg's 
experiment. 


PART A 


A-1. Give the structure of the reactant, reagent, or product omitted from each of the following: 


+ 
NH, 
› L NH,CL NaCN D 
(a) | 2 H,O", heat о C,H,;CH,CHCO, 
3. neutralize 
О 
| | 1. НО", H,O 
(b) СН;СН,ОССІ + valine ГЕ: ? 
| 
(c) Boc-Phe + H,NCH,CO,CH,CH, > —Boc—NHCHCNHCH,CO,CH,CH, 
CH,C,H, 


A-2. Give the structure of the derivative that would be obtained by treatment of Phe-Ala with 
Sanger's reagent followed by hydrolysis. 


A-3. Outline a sequence of steps that would allow the following synthetic conversions to be car- 
ried out: 


| 
E | 
(а) (CH4,CHCH;CHCO, | (leucine) from CH,CNHCH(CO,CH,CH;), 


s 


(b)  Leu-Val from leucine and (CH,),CHCHCO, (valine) 
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A-4. The carboxypeptidase-catalyzed hydrolysis of a pentapeptide yielded phenylalanine (Phe). 
One cycle of an Edman degradation gave a derivative of leucine (Leu). Partial hydrolysis 
yielded the fragments Leu-Val-Gly and Gly-Ala among others. Deduce the structure of the 
peptide. 

A-5. Consider the following compound: 

CH(CH,), 
Hocy, HH od H 
Н | CH | О bd 
AT Sn усы S e CO, 
оҥ cH| он Сн, 
H H 
(a) What kind of peptide does this structure represent? (For example, dipeptide) 
(b) | How many peptide bonds are present? 
(c) Give the name for the N-terminal amino acid. 
(d) Give the name for the C-terminal amino acid. 
(e) Using three-letter abbreviations, write the sequence. 

A-6. Consider the tetrapeptide Ala-Gly-Phe-Leu. What are the products obtained from each of the 
following? Be sure to account for all the amino acids of the peptide. 

(a) Treatment with 1-fluoro-2,4-dinitrobenzene followed by hydrolysis in concentrated 
HCI at 100°C. 

(b) Treatment with chymotrypsin. 

(c) Treatment with carboxypeptidase 

(d) Reaction with benzyloxycarbonyl chloride 

PART B 

B-1. Which phrase correctly completes the statement? 

Except for glycine, which is achiral, all the amino acids present in proteins ... 
(a) are chiral, but racemic 

(b) are meso forms 

(c) have the L configuration at their œ carbon 

(d) have the К configuration at their а carbon 

(e) have the 5 configuration at their а carbon 

B-2. Which statement correctly describes the difference in the otherwise similar chemical con- 

stituents of DNA and RNA? 
(a) DNAcontains uracil; RNA contains thymine. 
(b) | DNA contains guanine but not adenine; RNA contains both. 
(c) ОМА contains thymine; RNA contains uracil. 
(d) None of these applies—the chemical constitution is the same. 
B-3. Assume that a particular amino acid has an isoelectric point of 6.0. In a solution of pH 1.0, 


which of the following species will predominate? 


1 1 
(а) H,NCHCO,H (c) HNCHCO, 
R R 


| | 
(b H,NCHCO,H (d) HjNCHCO, 
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Choose the response which provides the best match of terms. 


Purine Pyrimidine 
(a) Adenine Guanine 
(b) Thymine Cytosine 
(c) Cytosine Adenine 
(d) Guanine Cytosine 


Which of the following reagents would be combined in the synthesis of Phe-Ala? 
R 


[In phenylalanine (Phe), R in the generalized amino acid formula H,NCHCO,H is CH,C,H,, 
and in alanine (Ala) it is CH,.] 


єн, єн, 
1. ZNHCHCO,H 2. H,NCHCO,CH,C,H, 
сњо, CH,C,H, 
3. ZNHCHCO,H 4. H,NCHCO,CH,C,H; 
(а) 1апа2 (b  land4 (c) 2and3 (d) 3and4 


A nucleoside is a 

(a) Phosphate ester of a nucleotide 

(b) Unit having a sugar bonded to a purine or pyrimidine base 

(c) Chain whose backbone consists of sugar units connected by phosphate groups 
(d) Phosphate salt of a purine or pyrimidine base 


What are the products obtained following treatment of Ser-Tyr-Val-Ala with chymotrypsin? 
(a) Serine + Tyr-Val-Ala (d) Ser-Tyr-Val + Alanine 

(b) Ser-Tyr + Valine + Alanine (e) Serine + Tyrosine + Val-Ala 

(c) Ser-Tyr + Val-Ala 

The first cycle of the Edman degradation of the tetrapeptide Gly-Ala-Ile-Leu would give a 
PTH derivative of 

(a) Glycine (c) Isoleucine 

(b) Alanine (d) Leucine 
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ANSWERS TO THE SELF-TESTS 


CHAPTER 1 


A-3. 


(а) P; 1s?2s5?2p035?3p? 


Formal 


charge: —1 0 О Netcharge: —1 


(b) :0=N—O: 


Formal 


charge: +1 +1 -1  Netcharge: +1 


Formal 
charge: 0 0 —1  Netcharge: —1 
(b) :б=м==6б: 


Formal 


charge: O +1 О Net charge: +1 


0 © 
(с) HC—NH, 
Formal 
charge: 0 0 Net charge: 0 


The more stable Lewis structures are 


(b) S^ ; 15°725°2р®°35°3р° 


(с) —1 :0: 
| 
HC=NH, 
Formal 
charge: 0 +1 Net charge: 0 
| 
(c) HC—NH, 
H H 
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б: 
А-5. (a) СЬН„О (co) СНО 
‘OH 
BS 
(b) Суб» (d) CHBrN PM 
A-6. (a) AX has only sp*-hybridized carbon atoms 
x 
(b) has only sp?-hybridized carbon atoms 
Za. 
О: 
(с) has only one sp’-hybridized carbon atom 
| T T. 
A-7 | S2 — | SE 2+ | 
XOT 0 ux 38 of о 
А-8. O—C=N 
Formal 


charge: —1 0 О  Netcharge: —1 


A-9. (a) 


(b) 


A-10. (a) 
А-П. (a) 


НҮ 
H | б—с=с | 
Trigonal 
H planar H 
Tetrahedral Bent Tetrahedral 
Cl 
СІ 
| =» ма 
Pyramidal; :N yes, it is polar. 
Cl 
Linear (b) Linear (c) Bent 
D (c) None (e) None (2) A 
A,B (d) B (f) A.D h) С 
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A-13. (a) Ла;1т (b 90;27 (с) 120;47 (d) 130;47 
А-14. (a) H,C—CH==CH—CH, (c) АП carbons are sp”. 
sp? T Я sp? 
Sp 
sp? 
о eC 
(b) H—C==C—CH,—CH, (d) у= 
S \, sp? E, 
B-1. (5) B-2. (5) B-3. (с) B-4. (а) 
B-5. (a) B-6. (5) B-7. (a) B-8. (а) 
B-9. (5) B-10. (а) B-11. (b) B-12. (e) 
B-13. (d) B-14. (b) B-15. (d) 
A-1. CH,CH,CH,CH,— ML E 
Common:  n-Butyl sec-Butyl 
Systematic: Butyl 1-Methylpropyl 
i ni 
CH,CHCH,— SE 
CH, 
Common: Isobutyl tert-Butyl 

Systematic: 2-Methylpropyl 1,1-Dimethylethyl 
A-2. (a) 28(8C—C;20C—H) (b 27(9 C—C; 18 C—H) 
А-3. (а) Oxidized (b) Neither (c) Neither (d) Reduced 

CH,CHCH, 
А-4. (a) CH,CHCHCHCH, (b) Six methyl groups, three isopropyl 
| groups 
CH, CH, 

А-5. (a) 3,4-Dimethylheptane (b) (1,2-Dimethylpropyl)cyclohexane 
A-6. Primary Secondary Tertiary 

(a) 4 3 2 

(b) 3 5 3 
A-7. (a) 1,3-Dimethylbutyl; secondary 

(b) 1,1-Diethylpropy]; tertiary 

(c) 2,2-Diethylbutyl; primary 
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A-8. 


A-10. 


А-П. 


A-12. 


A-13. 
A-14. 
B-1. 
B-5. 
B-9. 
B-13. 


сина = CH, 
CH, 


G 


Cyclopentane 


X 


1,1-Dimethylcyclopropane 


(a) 


4-Ethyl-3-methylheptane 


(2-Methylbutyl)cyclohexane 


APPENDIX A 
CH, + ПО, 7CO, + 8H,O 
Methylcyclobutane Ethylcyclopropane 


k 


1,2-Dimethylcyclopropane 


(c) 


3-Ethyl-2,3- 
dimethylhexane 


(a) CH,CH,CH,CH,CH,CH,CH,CH, (©) (CH), CHCHCH(CH,, 


(b) (CH44CC(CH,), 


XN 


2,2-Dimethylpentane 


2,3-Dimethylpentane 


eo 


3,3-Dimethylpentane 


Alcohol, alkene, ester, ketone 
10,049 kJ/mol 

(a) B-2. (d) B-3. 
(b) B-6. (a) B-7. 


(у B-10. (a) B-11. 


(d) B-14. (d) 


(d) 
(c) 
(b) 


CH; 
(а) (CHj4CC(CH,), 


РА 


2,4-Dimethylpentane 


^D 


3-Ethylpentane 


В-4. (c) 
B-8. (с) 
B-12. (e) 
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А-1. Cl Cl 
pog See 
H H H H 
H CH, 
Gauche Anti 
НС CH, Cl Cl 
Cl Cl H Cl 
Ad (jou (b) OX TY 
H H Cl H Cl H 
H H Cl 
(Eclipsed) 
A-3. (СН,),ССН,С(СН,), = 2,2,4,4-tetramethylpentane 
А-4. cae n 
H CH, 
CH, Axial 
H 
А-5. (СНС 
Equatorial H CH; Equatorial 
H H 
-Q 
А-6. HO 
H OH 
OH 
HO 
A-7. (a) C (b AandB (с) D (d) A 
CH(CH,), CH, 
ds H H 
We" SEC CH(CH,), 
H H 
More stable 
A-9. cis-1-Ethyl-3-methylcyclohexane has the lower heat of combustion. 


A-10. Tricyclic; СЫН 
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A-11. The form of the curve more closely resembles ethane than butane. 


А-2. 


А-3. 


А-5. 


(а) 
(b) 


(a) 


(a) 


(b) 


HH 
H CH, 
CH, 
> 
5 
= 
o 
E 
= 
o0 
© 
A 
H H 
N z 
H H H H 
CH, CH, 
Torsion angle 
B-2. (5) B-3. (o) B-4. (a) 
B-6. (a) B-7. (4) B-8. (o) 
B-10. (e) B-1. (b) B-12. (a) 
B-14. (b) 
trans-1-Bromo-3-methylcyclopentane 
2-Ethyl-4-methyl-1-hexanol 
OH 
Е 
ИН (b) 
CI СН(СН,), 


Functional class: 
Substitutive: 
Functional class: 
Substitutive: 


1-ethyl-3-methylbutyl alcohol 
5-methyl-3-hexanol 
1,1,2-trimethylbutyl chloride 
2-chloro-2,3-dimethylpentane 


+ T 
Conjugate acid CH4OH»; conjugate base CH4O:- 


(a) 


CH,CH,CH,Cl 


OH 


| 
(b) CH,CH,C(CH,), 
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A-6. (a) CH,CH,O + NH, CH,CH,OH + NH, (K<1) 


Conjugate Conjugate Stronger Stronger 
base acid acid base 


8- 8— 
(b) СН.СН.9— Меј NH, 


А-7. (а) Three 


CH, CH, CH, CH, сн, сн, 
(b,c) CH,CCH,CHCH, CH,CHÇHCHCH, CH,CHCH,CHCH, 
(Most stable) (Least stable) 
CH, CH, 


A-8. CH,CCH, + Cl, 


| 
CH, CH, 


Br 
Qc Оек 


А-10. AH’ = —57 kJ (—13.5 kcal) 


| 
кыены + HCl 


А-11. (а) (CH;);C—OH + Н—Вг (СНС— ОН, + Br 


бя 


(CH,),CCOH, HO + (CH&C* 


СНС“ + :Втг 
(CH,), pL 


(CH,),C—Br 


(2 Co 


(c) Water is displaced directly from the oxonium ion of 1-butanol by bromide ion. A pri- 
mary carbocation is not involved. 


:Br E 


CH,CH,CH;CH, OH, H,O + CH,CH,CH,CH,Br 


A-12. (a) 3-Methyl-3-pentanol (c) Fluorine (F,) (e) CL 
(b) КОС(СН,), (d) Ethyl radical, CH,CH, 

B-1. (e) B-2. (с) B-3. (р) B-4. (с) 

B-5. (e) B-6. (с) B-7. (d) B-8. (a) 

B-9. (с) B-10. (d) B-11. (c) B-12. (e) 

B-13. (a) B-14. (c) B-15. (c) B-16. (c) 
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CHAPTER 5 
А-1. (a) 2,4,4-Trimethyl-2-pentene (c) (£E)-2,7-Dibromo-3-(2-methylpropyl)- 
2-heptene 
(b) (E)-3,5-Dimethyl-4-octene (d) 5-Methyl-4-hexen-3-ol 


A-2. (a) M (c) 


2,3-Dimethyl-2-pentene 1,6-Dimethylcyclohexene 


CI 


OH 
b 27 d 
(b) ^Y (d) ӨЧ 


5-Chloro-2-methyl-1-hexene Se Ер а 


A-3. (a) SS SYS Nf S = -— 
2 3 4 


1 5 6 


(b) Isomer 5 (c) Isomers 1 and 4 (d) Isomers 2 and 3 


A-4. Two sp? C atoms; four sp? C atoms; three sp^—sp? с bonds 


CI 
(b) — 
CI 


a E сы. 
(Z)-3-Methyl-3-hexene (E)-3-Methyl-3-hexene 


А-7. (a) C= ОН + (CHj,C—CHCH,CH, (major) 
CH, 


CH, CH, 
(b) e + B (major) 
X 


| 
(c) (CHj,CHCHCH(CH,), 
(X = Cl, Br. 
ie 
(d) H,C=CC(CH,), 
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ie 
А-8. ш 
CH, 


A-9. Step 1: Protonation 


OH ~ ~ :ОН, 
‚ с а у 


Step 2: Dissociation 


n 
COH, Ew 
bdo — e + H,O 
Step 3: Deprotonation 


Ла Ва 


H H 


_NaOCH,CH; _ 
A-10. Ax -CHCH On * AN AN AA AY 


(major) 
CH,0= E 
CH, 
А-П. — СУ `+ 
A-12. Cis isomer: (CH,),CH Cl 
ПЕР В 
Trans isomer: СН(СН.), 


(CH,),CH ~ 2 E | | LS N 
Cl 


The trans isomer will react faster because its most stable conformation (with the isopropyl 
group equatorial) has an axial Cl able to undergo E2 elimination. 


A-13. Rearrangement (hydride migration) occurs to form a more stable carbocation. 


HPO, Q ele -H* py 
P A ou + H,O У 


+ 
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A-14. 


B-1. 
B-5. 
B-9. 
B-13. 


CHAPTER 6 


А-1. 


А-2. 


А-3. 


3-Ethyl-4,4-dimethyl-2-pentene 


Br 
A B 
(c) B-2. (с) B-3. (d) B-4. (o) 
(a) B-6. (b) B-7. (a) B-8. (a) 
(у В-10. (d) B-11. (b B-12. (с) 
(у B-14. (с) B-15. (a) 
Five; 
^ ^p 
3,4-Dimethyl- 2,3-Dimethyl- 
1-репќепе 2-pentene 
ak ^p 
(E)-3,4-Dimethyl- 2,3-Dimethyl- 
2-pentene 1-pentene 
SA 
(Z)-3,4-Dimethyl- 
2-pentene 
ЈЕ 
(а) (CH,),CCH,CH, (о) oe 
CH, 
(b) HBr, peroxides (d) "ОН 
Вг 
e CH, CH, 
OH H,SO, (conc) 1. BH; ` 
(a) С heat СТ 2. H,0,, HO- ee 
“OH 
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(b) 
Cl T O 
| NaOCH, CH,COOH 
CH,CH,CHCH(CH,), —снон 7 CH,CH,CH-C(CHj, — —— _ CH,CH,CH-C(CH,), 
(c) 
СНО" Ма" НВг 
Е CH,OH (CH,),CCH=CH, Perouse (CH,),CCH,CH,Br 
Br 
light 
A-4. Initiation;  ROOR Si heat 2RO: 
RO: + HBr ROH + Вг 
Propagation: Вг: + CH,CH,CH-—CH, CH,CH,CHCH,Br 


CH,CH,CHCH,Br + НВг CH,CH,CH,CH,Br + Br: 


А-5. 

H CH Cl 1 HCH 1 С1 
S : CL, is \2 k N 2» 7 N 74 
х=с n £7 = ge © = wy € =: 

cn | Р 
Н.С H Н.С ( Ho» Н.С C не СН, 
(E)-2-Butene CI 
о 
А-6. CH,CH О 
з ORAE cu,loon a 
H^ Ng CH,CH;4 У сњсн, 


A-7. Step 1: Protonation to form а carbocation 


gode S n 


Step 2: Nucleophilic addition of chloride ion 


МУ + ÖT 
Ми .. 


TE Я + Ch. 
48 


CH, Cl 
A-8. к= сш: or (CH,),C=CHCH, 9 сов. 
бн, 
2-Methyl-1-butene 2-Methyl-2-butene 2-Chloro-2- 
methylbutane 
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CHAPTER 7 


A-10. Bd + HCl 


СЕ 
v 
j i 
A-11. (CHj,CHC—CH, ——® (CH), CHCCH, 
Br 
A B 


(CH;),C=O (2 mol) 


В-1. (с) В-2. (a) В-3. (c) В-4. (d) 
В-5. (d)  B-6. (e) B-. (b В-8. (b) 


B-9. (b) B-10. (5) B-11. (a) B-12. (e) 
B-13. (e) 
А-1. (a) land2, both achiral; identical 


(b) 3 and 4, both chiral; enantiomers 

(c) 5 chiral, 6 achiral (meso); diastereomers 
(d) Тапа 8, both chiral; diastereomers 

(e) 9 and 10, both chiral; diastereomers 


А-2. 3:  (R)-2-Chlorobutane; 4: 
OH 
R 
в" е 
R "OH 
7: (2S,3R)-2,3-Dibromopentane; 8: 
9: (2E,5R)-5-Chloro-2-hexene; 10: 


А-3. (а) Three; meso form is possible. 
(b) Eight; no meso form possible. 


A hydride 
————. 
Eds d 


(c) Four; 


APPENDIX A 


pe 


NaOCH,CH, 


CH,CH,OH (CH4),C—C(CH), 


(S)-2-Chlorobutane 


Ве 
HOVR 


(2R,3R)-2,3-Dibromopentane 
(2Z,5S)-5-Chloro-2-hexene 


no meso form possible. 
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HC OH CH, 
\ ФАН 
А-4. (a) сс (D HJH 

H CH, н_/ В: 

CH, 

(c) CH, CH, 
HO——H НН 
НЦ H——Br 

CH, CH, 


А-5. Chiral stereoisomers: 


CH, CH, 
НС С Н 
апа 
Cl——H H Cl 
CH, CH, 
(25,35)-2,3- (2R,3R)-2,3- 
Dichlorobutane Dichlorobutane 
CH, 
Meso stereoisomer (achiral); на 
plane of symmetry indicated 77757-5 
with dashed line на 
CH, 
meso-2,3-Dichlorobutane 
A-6. (a) [a] = —31.2° (b 30% 5 
CH, CH, CH, 
СН NBr 
CH, Br CH, 
Н.С H C Нен 
VON. Ж Nc Gee 
(b) xa 0*0 — " cS 
H CH, UH Cl 
Meso form 
(only stereoisomer) 
| О О 
CH,COOH 
(c) Poe NS ЕЕ HS UH + НС V СЊСН, 
НС CH,CH, H H 


A-8. (a) (28,35)-1,3-Dibromo-2-chlorobutane 
(b) (R)-1-Ethylcyclohex-2-en-1-ol 
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A-9. Two: (2R,3S)-2-bromo-3-chlorobutane and (25,3S)-2-bromo-3-chlorobutane; they are di- 
astereomers. 


A-10. AK 


OH 


Racemic mixture 


B-l. (© В-2. (с) В-3. (b B-4 (d) 
В-5. (b В-6. (с) В-7. (d) В-8. (d) 
В-9. (b B-10. (с) B-11. (d) B-12. (d) 
B-13. (е) B-14. (b) 


CHAPTER 8 
C(CH,), 
А-1. (a) CH,CH,CH,CH,OCH,CH, (e) 
N; 
aX 
(b) (f) uo а. 
Сн, 
(Х = OTs, Br, I) 
CH, Whe 
| HS—-—H 
(c) CH,;CHCH,CH,I (g) 
H--—F 
CH,CH, 
„© 
А-2. (СН,),СНО-М№а* + CH,CH,CH,Br 
CH, CH, CH, 
А-3. (a) Н | OTs 00+ Br | H шем Fi UR 
CH,CH, CH,CH, CH,CH, 
(b) 

CH;CH,CH, H нс— )-so CH;CH,CH, H - H CH,CH,CH, 
Ac = CH,S E 
C—OH = > C—OTs > CH,S—C 
/ pyridine и \ 

Н.С Н.С CH, 


A-4. Step 1: Ionization to form a secondary carbocation 


H.C а CH, 


| но 
ысын 


| 
CH,C—CHCH, +С 
CH, CH, 
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Step 2: Rearrangement by methyl migration to form a more stable tertiary carbocation 


CH, CH, 
[^ | 

i NIE CH,C—CHCH 
CH, CH, 


R 
сн, H,O CH, ou 
H,O —H* 
: ссн, ч (CH,),C—CH(CH,), 


CH, CH, 


CH,OH 


А-5. (a) (CH;);CBr (CH4,COCH, 


Syl, unimolecular substitution; rate = k[(CH,),CBr] 


S LL. 
та 


52, bimolecular substitution; rate = k[C,H,,Cl][NaN,] 


A-6. (a) Sodium iodide is soluble in acetone, whereas the byproduct of the reaction, sodium 
bromide, is not. According to Le Chatelier's principle, the reaction will shift in the 
direction that will replace the component removed from solution, in this case toward 
product. 


(b) Protic solvents such as water form hydrogen bonds to anionic nucleophiles, thus stabi- 
lizing them and decreasing their nucleophilic strength. Aprotic solvents such as DMSO 
do not solvate anions very strongly, leaving them more able to express their nucle- 
ophilic character. 


OH О Nat 


А-7. CH,CH,OH СН,СН,Вг 


«1 
. sow _ 
Н 
Н.С *OCH,CH, 
o + HOCH,CH, —“*— 


*DCH,CH, Н.С OCH,CH, 


fast 
—H* 


CH, 
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CHAPTER 9 


А-9. 


В-1. 
В-5. 
B-9. 
B-13. 


А-1. 


А-2. 


А-3. 


APPENDIX А 
Dissociation to give a secondary carbocation 
LT CH,CH,CH,CHCH(CH,), 
Br 
Rearrangement by hydride migration to give a tertiary carbocation 
CH,CH,CH,CHC(CH)) CH,CH,CH,CH,C(CH,), 
H 
Capture of the carbocation by water to give product 
үп 
он лы —7—  CH,CH;CHCH,C(CH)), 
(b) B-2. (с) B-3. (d) B-4. (с) 
(d) B-6. (a) B-7. (c) B-8. (а) 
(c) B-10. (a) В-11. (a) B-12. (c) 
(c) B-14. (c) 
(a) 4,5-Dimethyl-2-hexyne (c) 6,6-Dimethylcyclodecyne 
(b)  4-Ethyl-3-propyl-1-heptyne 
(a) I (e) (CH,),CHC=CH 
CH,CH,CH,C=CH, 
js 
(b) MUERE ов: (f) Na, NH,(/) 
Cl 
H Cl 
©, / 
(c) H,O, H,SO,, HgSO, (g) „С. 
С1 CH,CH, 
HN Vsus т 
(4) Раше (h) CH,CH,CH,CHCO,H + CH,CH,CO,H 
H H 


Reaction (2) is effective; the desired product is formed by an S42 reaction. 


CH, сн, 
CH,CH,CHC=CCH, + Nal 


| 
CH,CH,CHC=CNa + CHj 


Reaction (1) is not effective, owing to E2 elimination from the secondary bromide. 


н 
CH,CH,CHCH, + CH,C=CNa 


CH,CH=CHCH, + CH,C=CH + NaBr 
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KOC(CH;)3 Вг, 
А-4. (a) CH,CHjBr == H,C=CH, > BrCH,CH,Br 
1. NaNH,, NH, 1. NaNH, 
BrCH,CHBr Уно > HC=CH uos HC=CCH,CH, 
572 J 3 2 
(b) 
NaNH, CH,CH,Br 
HC=CCH,CH, NaC=CCH,CH, ———— CH,CH,C=CCH,CH, 
(c) 
CI 
Cl, | 1. 3NaNH,, NH, 
H,C=CHCH,CH, CICH,CHCH,CH, s > HC=CCH,CH, 


As in part (5) 
— 


HC=CCH,CH, 


CH,CH,C=CCH,CH, 


NaNH, (CH3),CHCH,Br 
(d) HC=CH > HC=CNa í 
H,O, H,SO, 
HC=CCH,CH(CH;), HgSO, 


H \CHCH,CH,CH, 


(E)-2-Heptene 


А-6. (CH,);CC=CH (CH,),CC=C> Ма“ 
A B 
CH,CH,CH,OH CH,CH,CH,Br 
C D 


А-7. E: HC=CCH,CH, 


Оен ut 
A-8. С= СН агра 


НС==ССН,СН(СН,), 


| 
CH,CCH,CH(CH,), 


Е: CH,CH,C=CCH,CH, 


| >“ сн=н, 


1. ВН, 
————— 
2. Н.О,, HO™ 


| У-сњон,он 


В-1. @ B2 (с) В-3. (а В-4. (d) 
В-5. (b В-6. (b) В-7. (e В-8. (с) 
В-9. (b) B-10. (a) B-11. (d) B-12. (b) 
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CHAPTER 10 
Ал. H,C=CHCH,CH=CH, H,C=CHCH=CHCH, 
(Conjugated) 
H,c—cHc—cu, H:C=C=CHCH,CH, 
an H,C=C=C(CH,), Allenes 
: CH,CH=C=CHCH, 
(Conjugated) 
А-2. ее. AETS 7 
H H H CH, is 
(3Z)-1,3-Pentadiene (3E)-1,3-Pentadiene 2-Methyl-1,3-butadiene 
A-3. 
_ OH 
Г + 
H,O ( > ( ] H,O 
oF “сн CH Dec CH 
CH, L 3 3 | CH, 3 
ү n 
A-4. (a) PH Ge Cor НОВ + теин 
Вг Вг 
(Direct addition) (Conjugate addition) 
ii 
(b  H,C—CHCHCH, + CICH,CH—CHCH, 
O O 
< 
(с) Фе. +" | о (а) М—Вг (NBS), heat 
O O 
CO,CH, 


(e) 


CO,CH, 


A-5. db ad (cannot adopt the required s-cis conformation) 


CHAPTER 11 


APPENDIX A 


3 CH 
| ЖЕРЕ 3 
A-6. [св LZSBES OZA 
| “сн 


А-7. 


А-8. 


В-1. 
В-5. 
B-9. 


А-1. 


А-2. 
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CH, 3 


С a : Vas 
С Br O= 
N / \ 


Br I 


EN, UM ово, CH,ONa O NBS Br 
“Tight, heat > heat ~CH,CH,OH * CH,OH teat 


(b) 
(a) 
(a) 


(a) 
(b) 


В-2. (с) В-3. (а) B-4 (o) 
B-6. (d) B-. (a)  B-8& (a) 


B-10. (а) 
m-Bromotoluene (c) o-Chloroacetophenone 
2-Chloro-3-phenylbutane (d) 2,4-Dinitrophenol 
CO,H OCH, NH, CH,Cl 
CH, 
(b) (c) (4) 
Cl Cl Br 


NO, CH, 


(a) (b) 


(a) 
(b) 
(c) 


(10 7 electrons) 


(14 7 electrons) 


Eight 7 electrons. No, the substance is not aromatic. 
6 7r electrons. Yes, it is aromatic. 
14 7 electrons. Yes, it is aromatic. 
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CHAPTER 12 


A-6. 


А-7. 


А-8. 


А-9. 


А-1. 


APPENDIX А 
еф 
Вг 
(а) (d) М№а,Ст,0,, H,SO,, H,O, heat 
(b) C4H,CHX (X = Cl, Br, I, OTs) (e) «(X3 
OH 
(c) | 
(f) C4H,CHCHCH, 
OH i 
jd 
(D CH,CH—CHCH, — C,H,CHCH,CH, 
T 
Br 
ш) C,H,CH,CH,CH, TER C,H,CHCH,CH, 
(or NBS, heat) 
*CH—CH, CH—CH, CH—CH, CH—CH, 


о-в —Q —oO 


VOR Zw 2 2 А 
e + + 
Y 


cape онон, 


(с) В-2. (с) B-3. (а) В-4. (b) 
(у B-6. (d)  B-7. (b BS. (d) 
(b B-10. (d) B-11. (a) B-12. (b) 
(c) B-14. (d) B-15. (с) 


CH, 
-H H “H 
Br Br Br 
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NO, HO,S 
A-2. (a) (c) F de 
Cl Cl 


NO, SO,H 
Slower Slower 
CH,CH, CH,CH, 
Br 
(b) + 
Br 
Faster 
А-3. (a) NO, (b) Br—Br—FeBr, (с) SO, 
| 
CCH(CH,), О 
NO, 
А-4. (a) (d) 
C(CH,), 
(b) e (y 
за 
H,C CH, 
| NI 
(c) СЕН.ССІ, АІС, ог СН,СОССН,, AICI, 
ЧӘ; Q Q 
CI 
А-5. (a) (c) + 
CI 
CH, CI 
CI CI 
CN CN 
(b) + (d) CH,CH, OH 
CI 


OCH, OCH, 
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A-6. (a) 


SO, Na,Cr,0,, H,O 
СН(СН,), ^ HSO, ^ HOS CH(CH;), ^ HO, heat HO,S CO,H 


(+ ortho isomer) 


П О О 
C(H,CH,CCI | CL, FeCl, || 
(b) AICI, CCH,C,H; — — CCH;CH; 


Cl 
Zn(Hg), НСІ 
or МН,, KOH, 
heat 
(cuca 
Cl 


О 
CH, | СН, 
М KOH, heat KOH, heat | (СЊСЉО 
or Zn(Hg), “or Zn(Hg), HCl AlCl, 
CH,C 


a э. Bry 
heat FeBr, 
SO,H SO,H 
осно HNO, 
—aia, ” (СНУ»СН —Hso, ^ (CHj,CH NO; 


CO,H CO,H 
Na,Cr,0, HNO, (excess) 
TO, H,80, heat” SO, 
ом NO, 
(b) 
Br CH, 
-y Вг, | сас NaOCH,CH, | s 
(CH,),CH N / NO, light d (СНС N / NO, > ЊС=< N / NO, 


[Prepared from benzene as in 
Problem A-6(e)] 
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(c) 
CH, CH, CH, CH, 
| Cl Cl 

(CH3),CHCCI Cl, Zn(Hg), НСІ 

а „2ССН(СН;), 5 „2ССН(СН;), CH,CH(CH,), 

A-8. 
HNO, А \ Br, 
СЊО —Hs0, 7 CH,0 NO, BBEO CHO NO, 
(+ ortho) Br 


В-1. (с) В-2. (b) В-3. (o) В-4. (b) 
B-5. (a) B-6. (b) В-7. (o) В-8. (b) 
B-9. (с) B-10. (a) B-11. (e) В-12. (с) 
B-13. (c) B-14. (c) B-15. (с) 


CHAPTER 13 
A-1. 1: 6.10 ppm 3: 200 MHz 
2: 1305 Hz 4: 0.00 ppm 
A-2. (a) Two signals BrCH,,CH,CH,Br 
a b a 
d: triplet b: pentet 
CI 


| 
(b) Two signals CH,CH,CCH,CH, 
a b | b a 
d: triplet b: quartet 
(c) Three signals, all singlets 
| Jl 
A-3. А: CH,COC(CH,), В: CH,OCC(CH,), 


О 
|| || 
А-4. (а) € Sen conn, (c) HC(COCH,CH,), 
HO OH a 
(b) (CH,),C—C(CH,), (а) (CH;),C—C=N 


A-5. Seven signals: 
a: д 10-30 ppm O 
b: 820-40 ppm | 
c: 6 190-220 ppm cb a 
d-g: 8110-175 ppm = 
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A-6.  Pentane: three signals; 2-methylbutane: four signals; 2,2-dimethylpropane: two signals 
A-7. 2,3-Dimethylbutane: (СН,),СНСН(СН,), 
В-1. (4 B-2. (a) B-3. (b) B-4. (5) 
B-5. (5) B-6. (a) B-7. (b) B-8. (a) 
B-9. (c) B-10. (a) В-11. (с) В-12. (c) 
В-13. (а) В-14. (а) B-15. (d) 
CHAPTER 14 
A-l. (a) X Li 
+ 2i —— e + Lix 
(X = Cl, Br, I) 
(b) (CH,),CBr + Mg (CH,),CMgBr 
(c) 2C,H;CH,Li + CuX (C;H;CH,)Culi + Lix 
(X =Cl, Br D 
OH HO CH,CH, 
| 
А-2. (a) (C,H;),CCH, + СЊСЊОН (d) 
Br Br 
(b (CH3),CHCH,D (e) s 
H CH, 
(c) nc S-onon 
| | 
А-3. (a) C,H;CH + (CH,),CMgx and C;H5MgX + (CH44CCH 
(X = Cl, Br, I) (X = Cl, Br, I) 
(b) 
| | 
CH,CH,CH,CH + CH,CH,CH,CH,Mgx and CH,CH,CH,CH,CH + CH;CH;CH,MgX 
(X = С, Вг, D (X =C, Br, D 
А-4. (a) (CH,CH,CH,),CuLi (c) CH,L, Zn(Cu) 


(b (CH,),CHMgx 


(X = Cl, Br, D) 
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A-5. Solvents A, B, and E are suitable; they are all ethers. Solvents C and F have acidic hydrogens 
and will react with a Grignard reagent. Solvent D is an ester which will react with a Grignard 
reagent. 


PBr 214 
HE СН.(СН,),Вг 


А-6. CH,(CH,),OH CH,(CH,),Li + LiBr 


. . — СНХСНуВг 
2CH,(CH,),Li + CuBr ———» (CjHj,Culi ———-— CH,(CH,),CH, 


|| 
А-7. (D (CH,),CHCCH, + CH,MgBr OH 


| | 
. diethyl ether 
| Sno (СН,СНС(СН), 


(П) CH,CCH, + (CH,),CHMgBr 


(II). (CH,),CHCO,CH, + 2CH,MgBr | 


Br CH, 
NBS | Mg | 
A-8. C,H;CH,CH, ЧЕКЕ C,H;CHCH, Tiethyl ether C,H;CHMgBr 


CH, о CH, 
| 1. CH,CH 
C,H,CHMgBr — не CH,CHCHCH, 
OH 
OH 
| OH 
А-9. (a) CCH,CH; (c) СХ 
—CCH 
La C=CCH, 
(b) AY 
OH 


В-1. (о) B-2. (a) В-3. (d)  B-4 (a) 
В-5. (е) B-6. (с) В-7. (b В-8. (a) 
B-9. (е) B-10. (b) B-11. (b B-12. (b) 


CHAPTER 15 
О 
А-1. (а) (d) OsO,, (CH4,COOH, (СН,),СОН, НО“ 
S 
(b CoH;CO,CH,CH; (e) NON 


(c) ВН; 2. Н,0,, HOT 
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А-2. 


А-5. 


А-6. 


А-7. 


APPENDIX А 


| 
(a)  C4H,CH,CH (c) (C,H;CH,CH,),0 
| 
(b) СН.СС, pyridine; or (а) K,Cr,0,, H*, H,O, heat 
| 
(CH,C),O; or CH,CO,H, Н? 
(а) (CH,),CHO~Na* (e) єсну.снозо,—{ сн, 
| 
(b (CH,),C=O (f) снсн,—{— ў—Сосисну, 
| 
(c) (CHj,C—O (g) CH,COCH(CH,), 
| 
(d) CH,COCH(CH,), 
(I) 
ET cen 
(CH,),CHBr + Mg (CHj),CHMgBr =, (CH,),CHCH,CH,OH 
Маз: 
(П) (CH,),CHCH,Br + Mg (CH,),CHCH,MgBr 
1. Н,С=0 
(CH),CHCH,MgBr == (CH,),CHCH,CH,OH 
Шы, 
О 
Н.С H 
ОШУ 
(а) H (c) C=C 
fe OR 
О н CH, 
HO 
OH 
(a) PCC or PDC in CH,Cl, 
(b) Na,Cr,0,, Н“, H,O, heat 
(c) 1.LiAIH,; 2. H,O 
(d) OsO, (CH,),COOH, (CH,),COH, НО- 
OH [e О 
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A-8. (a) 
OH 
1. B He | PDC | 
(CH,),C—=CHCH, => н.о, Ho- (CH,),CHCHCH, CHCI (CH,),CHCCH, 
OH О 
| 1. CH;CH,MgBr | Na,Cr,O, | 
| Ro > |>—CHCH,CH, ор | >—CCH,CH, 
(c) 
/\ 
NBS Mg 1.H,C—CH, 
CILOHe aa CaCI Ee CH,CH,MgBr = C,H;CH,CH,CH,OH 
> 5+3 
K,Cr,0, 
H*, H,O 
heat 
CH,CH,OH 
CH,CH,CH,CO;CH,CH, <——— C,H,CH,CH,CO,H 
В-1. (© B2 (d) B3 (б)  B-. (с) 
В-5. (b В-6. (b) B-. (a)  B-8. (a) 
B-9. (d) B-10. (a) B-11. (b) B-12. (d) 
B-13. (e) В-14. (a) B-15. (c) 
CHAPTER 16 
А-1. CH,OCH,CH,CH, 
Methyl propyl ether 
CH,OCH(CH,), 
Isopropyl methyl ether 
CH,CH,OCH,CH, 
Diethyl ether 
CH, 
B OH 
A-2. (a) «СОСН, (а) 
CH,CH;4 Mn, 
CH, 'SCH,CH, 
CH, 
HO Н.С Н 
(b) ч (е) C,H;SCH,CH, 
?UH OH 
| ЈЕ 
(c) CH,CHCH,OH (f C,H,SCH,CH, 
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CHAPTER 17 


A-3. 


A-5. 


A-6. 


A-8. 


B-1. 
B-6. 


А-2. 


APPENDIX А 
OH О Ма’ OCH,CH, 
Na CH,CH,I 
UT eee Cy 
о 
| JN 
H,SO, CH,COOH 
CH,CH,OH EN H,C=CH, H,C—CH, 
О 
Ма E if H,C—CH, 
CH,CH,OH CH,CH,O Na CH,CH,OH CH,CH,OCH,CH,OH 
HO Br О HO SCH; 


$ РА $ 
(а) NaOH л NaSCH, 
о 
О 
cu oon £N 
їй ——— (сш 


CH, CH, CH, 
A: {_У—снон В: {_Уу—сноснен, 
О H,C OH CH, 
І. CH;MgBr H,SO, 
2. H,O* heat 
CH H,C 
3 о 3 О 
CH,COOH H,0* 


(у B-2 (a B3. © Bd. (d) BS. (а) 


(e) B-7. (а) B-8. (с) B-9. (d) B-10. (а) 
(а) 3,-Dimethylhexanal 
(b) 2,2,5-Trimethylhexan-3-one 
(c) trans-A-Bromo-2-methylcyclohexanone 
(d) 5-Methyl-4-hexen-3-one 
O 
|| оо CH, О 
CH,C H || | || 
“с— с“ CH,CCHCCH, C,H;CHCHCH,CH 
/ 
Н \CH,CH, CH,CH, 


(a) (b) (c) 


APPENDIX A 


A-3. (a) 
(b) 
(c) 
(d) 
A-4. (a) 
(b) 
A-5. (a) 
(b) 
(c) 
(d) 
A-6. (a) 
(b) 
A-7. (a) 


CH,CH,I + (СВОР ———  (C4Hj,P—CH,CH, I” 


(CH,),C=O + (C,H,),P—CHCH, 
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OH 
a. (e) NNHC,H, 
CN 


CH, 


NH,OH (f) CH,CH,CH,CH(OCH,CH,), 


|| || 
(CH,);CHCH + HOCH,CH,CH,OH (е) C4H,CCH,CH, + (CH,),NH 


О 
E | 
(C,H,P—CHCH,CH, (h) CH,CH,CH,COH 


(C,H,);P—CH,CH(CH,), Br^ (C,H,);P -CHCH(CH,), 
A B 
C,H,CH—CHCH(CH,), 


С 


[ || 
C,H;CH,CCH, _ C,H,CH,OCCH, 


D E 


(1) CHMgl; 2) Н.О*; (3) H,SO,, heat 


t = C,H Li 
(C,H,);P—CH, [from (C,H,),P + CHJ - 
HOCH,CH,OH, Н (саб, heat 

| 
CH,COOH 
O 
в А + но, У „он 
CH, 
| ЈЕ 

HO = CH,CCH,CH,CH,CCH,OH 

О 
E H,C CH, 

OH 
сунул 


(с,ндР—Снсн, 


о 
| X 
CH,COOH 
(CH), C—CHCH, ~ (CH,),C—CHCH, 
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(b) 
T O 0 O О (0 
CH, CH, CH, CH, 
HOCH,CH,OH РСС 1. CH;Mel 
H* CH,Cl, 2. H,0* 
OH OH O HO CH, 
О / \ / \ 
О 0 O О 
(c) HOCH,CH,OH 1. LiAlH, 
Н (cat) 2. H,O 
CO,H CO,H CH,OH 
/ \ / \ О 
о О о 0 
PBr, H4O* 
CH,OH CH,Br CH,Br 
О сон ОН ОН 
|| н“ || CHOH | -Ht | 
HOCH, OCH, 
у 3 
+ 
OH гон, HOCH, OCH, 
| H* | О CHjH | —H* 
сн,сн === a CH,CHOCH, ===== снен === CHCH 
OCH, OCH, OCH, OCH, 


В-1. © B-2 (d)  B-3 (a  B-. © 
В-5. (b В-6. (b) В-7. (a) В-8. (b) 
В-9. (e) В-10. (с) B-11. (© В-12. (с) 
B-13. (d) B-14. (e) B-15. (а) В-16. (с) 


CHAPTER 18 


e 0н 
АЛ. (a) H,C—CCH,CH, and CH,C=CHCH, (с) a Ns 
О: OF 
| e i 
Q: Q: 


(b) 


APPENDIX A 


| 
А-2. C,H;CH,CH=CCH 
СН; 


OH О 


| || 
А-3. ОНОН 


| 
(CH,CH,),CHCH,CCH,CH, 


OH 


| 
CH,CHCHC(CH,), 


CH, CH, HC—O 
08 oH О 
CHE CHE (HD: нын 
HC—O CH, CH, 
|| 
A-4. CH,CHOH —сна—® CHCH 
OH о OH 
| КОН | | NaBH,, CH,OH | 
2CH,CH  — 9 — CH,CHCH,CH — =н CH,CHCH,CH,OH 
2. HO Џ 
А-5 
О © О 
| CH,CH, 
K,CO, CH,CH, H,C=CHCCH, 
+ CH;CH,I — кон 7 Свон ен; 
О О O Ó 
| 
А-6. (а) Свен 
Вг 
он О 


(Б) оао нен 
CH,CH,CH, 


Q сн, 
Oc 
(c) CH 
| 
(4) (у снсњо 


SCH, 
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А-7. 
О 
| 


CH,CHCH + ОН 


D 


A-8. 


CHAPTER 19 


A-3. 


A-4. 


A-5. 


| | 
CH,CHCH Hoo SORTE Tm 
Си = [2 
CH—Q& HH 
| | 
CH + CH,CH,CCH,CH, 
(a) В-2. (с) В-3. (5) B-4. (b) 
(a) B-6. (c) В-7. (c) B-8. (e) 
(c) B-10. (5) B-11. (a) B-12. (a) 
(а) 4-Methyl-5-phenylhexanoic acid 
(b) Cyclohexanecarboxylic acid 
(c) 3-Bromo-2-ethylbutanoic acid 
4-Phenylbutanoic acid is C,H;CH,CH,CH,CO,H. 
C,H,CH,CH,CH(CO,H), heat 
1. CNT 
C,H,CH,CH,CH,Br 2. H*, но heat 
CH,CH,CH,CH;Br —= 
otis ПРО br 2. CO, 
3. ЊО“ 
Н (са) 


C,H;CH,CO,H + CH,CH,OH 


Br 
| | | 
(CH,),CHCH,CHCO,H (CH,;),CHCH,CHCO,H СеН;СС(СН,), 
CO,H 
A C 
Mg 
„—*— One 
1. LiAlH, 
(6) но CH,CH,CH,CH,OH 
Br O 
Bry, P | | 
(c) CH,CH,CHCOH 
CN 
| H*, HjO 
(d) MESI E fes 


OH 


|| 
C,H,CH,COCH,CH, + H,O 


APPENDIX A 


CHAPTER 20 
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А-6. MEI НЕН 


Вг 
А-7. 1 
a 
ОСЊСНЊСЊСН, 
g j ji 
A-8. CH,COH === CH,COH + HOCH, CH,COH == CH,COH 
Se | | 
HOCH, OCH, 
oe ae 
i C ЈИ | 
cH pon H CHT OM, CH,COCH, + H,O CH,COCH, 
OCH, OCH, 
В-1. (b) B-2. (а) B-3. (с) B-4. (d) 
B-5. (с) B-6. (4) B-7. (с) B-8. (d) 
B-9. (e) B-10. (c) B-1. (e) 
A-1. (a) Propyl butanoate (c) 4-Methylpentanoyl chloride 
(b) N-Methylbenzamide 
| | | | 
А-2. (а) CsH,;COCC,H, (b) ec EE (с) CsH,COC,H, 
CH, 
| 
А-3. (а) SOCL (b) Br, NaOH, H,O (c) С.Н;СОСН, 


О 
| 


А-4. (а) CH,CH,CN(CH,), + CH,CH,OH 


CH,CO,H + ( у-н (d) 
О а _ 
| (e) Hc CO,H + CH,NH, HSO, 

(b) cco | 


| 

COCH,CH, 
o CX 

jen 
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OH Оу 
CH, | | 
А-5 C—O from C;H;C—O 
x Би ) tu 
НС КАШУ Аас 
CH, Hom 
CH, 
|| || 
сон CCI CNH, 
SOCI, NH, 
as CT Cy == X 
“СН, "CH, “CH, 
A B 
C=N 
РОО 
heat 7 
"CH, 
Br,, NaOH 
HO Pp 
OX 
“сн, 
C 
à О | 
А-7. (а) HS OC (b) сые О 
ОН NH, 
A-8. 
1. CO, 
H,C ( \ Вг Mg | Н.С 4 у MgBr 23165 uc-4 У сон 
MERE gue до! 


Вг,, NaOH 
< 


$ОС1, 


њс-( Ук, 
А-9. 
CH, 


Toluene 


az 


Benzoic acid 


= 
H,SO,, H,O, heat 


| | 
NH, 
CNH, — Н.С / у ССІ 


О 


Benzoic acid 


Benzyl alcohol 


Hc— 7 


H,O 


Na,Cr,O, 


1. LiAIH, 
2. H,O 
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| 
Cron Comm = Суб О 


Benzoic acid Benzyl alcohol Benzyl benzoate 


A-10. The compound is 2-chloropropanamide. 


О 
CH,CHC 
У, 


СІ МН, 
2-Chloropropanamide 


The compound may be prepared from propanoic acid as shown. 


O O 
$ОС1, 7 NH, 7 
CH,CH,CO,H E acon —— снае, cmne. 
а бр, ae а М, 
Propanoic acid 2-Chloropropanoic 2-Chloropropanoyl 2-Chloropropanamide 
acid chloride 
В-1. (a) B-2. (b) B-3. (b) B-4. (с) 
В-5. (d)  B-6. (c) B-7. (d)  B-8. (а) 
В-9. (b) B-10. (a) B-11. (d) B-12. (b) 
B-13. (b) 
CHAPTER 21 
| T | T 
АЛ. (а) CH,CH,CH,CCHCOCH,CH, (e) CH,CCHCOCH,CH, 
CH,CH, CH,C,H, 
О Ф 1. HOT, H,O 
| 2. H,O* 
(b  C4H,CH,COCH,CH, Рани 
CO,H .CO,H | 
(с) i (g CH,CCH,CH,CO,H 
Cl Cl 


[e 
|| 
(d) (CH,CH,0,C),CHCH,CH,COCH,CH, 


о | 
| | COCH,CH, 
А-2. CH,CH,OC(CH,),COCH,CH, CH,CH, 


A B 


810 APPENDIX A 


? оо 
CH,CH, |_| 
| СРЕО НЕР 
CH,CH, 
C D 
| 
CH,CH,CH,CCH,CH,CH, 
E 
А-3. (а) 
О О О 
|| 1. NaOCH,CH, || 1. HO", HO | 
CH,CCH,COCH;CH, -ъснсоснсн”  CH:CCHCOCH,CH, = CH,CCH,CH,COH 
"TM “hea 
о чон; к 
О 
(b) 
О о о оо 
|| | NaOCH,CH, | | 1. NaOCH,CH, | | 
C,H,CCH, + CH,CH,OCOCH,CH, —— ———-— C,H,CCH,COCH,CH, 5 ыенен, 
| 
2. H,C—=CHCCH, ООН СВ 
O 
1. НО, H,O 
2. H,0* 
3. heat 
|| || 
C,H,CCH,CH,CH,CCH, 
А-4. 
О 
| NaOCH,CH, | | 
2CH,CH,COCH,CH, === CH,CHCOCH,CH, о 
7, 
+ CH,CH,COCH,CH, е 
42 Gor 
—CH,CH,O~ 
| || 
CH,CCOCH,CH, BE CH,CHCOCH,CH, 


| | 
CH,CH,C=O CH,CH,C=O 
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А-5.  Enolization of the Claisen condensation product is necessary for completion of the reaction. 
The condensation product of ethyl 3-methylbutanoate can enolize; the product from con- 


densation of ethyl 2-methylpropanoate cannot. 


CH, CH, O CH, O 
[^ | Gao | ыа | 
2CH,CHCH,COCH,CH, == ее Mi MM 
Ethyl 3-methylbutanoate TH EM Xo Е" 
CH, CH, 
H,CO 
| NaOCH,CH, ||| 
Ка а UNE NEHMEN = CH,CH,CCOCH,CH, 
CH, ы Xo 
CH, 
Ethyl 2-methylbutanoate Claisen product cannot enolize 
B-1. (b) B-2. (а) B-3. (с) B-4. (b) 
B-5. (с) B-6. (с) B-7. (b) B-8. (а) 
CHAPTER 22 
А-1. (a) 1,1-Dimethylpropylamine or 2-methyl-2-butanamine; primary 
(b) N-Methylcyclopentylamine or N-methylcyclopentanamine; secondary 
(c) m-Bromo-N-propylaniline; secondary 
O 
А-2. (a) NaN, (b) KCN (c) OD K* 
O 
| | 
МНССН, NHCCH, 
ОМ 
А-3. (а) uc-4 Sow; cr (e) + 
СН.СН, CH,CH, 
NO, 
О 
\ 
фу ЊС Вг хм М(СНУ, 
(с) Н.РО, (2) {_у—уснн, 
М. 
Хх, 
“0 
| | 
(d) (СЊС»О ог CH,CCl 
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A-4. (a) (> a г к OH™ 


\CH,CH, нс“ \CH,CH, 


| 
сн,сн, MC 
A B C 
| 
(b) { )—®хнснєн, (умањен, 
р Е 
А-5. (а) 
C(CH,), C(CH,), СКСН,), 
(CH,),CCI HNO, 1. Sn, HCI 
CoH AIC H5S0, Q 2. NaOH Q 
NO, NH, 
NaNO,, HCI 
H,O 
M 
C(CH3)3 C(CHs); 
KI di | 
SS 
I №, CL 
N O, N O, NH, 
HNO, CL, FeCl, 1. Sn, НСІ 
(b СН, - иво, A 2. NaOH 
Cl Cl 
(с) 


NaNO,, НСІ 4 CoHsN(CH,) 
СеН,МН, —но ^ CHN СГ ===> CHN=N N(CH,), 


А-6. Inthe para isomer, resonance delocalization of the electron pair of the amine nitrogen involves 
the nitro group. 


(їн, *NH, 
oF m 

G + + 
-07 Sd -07 No 


A-7. Strongest base: C, an alkylamine 
Weakest base: D, a lactam (cyclic amide) 


CHAPTER 23 
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| 
МНССН МН, МН, Br 
Cl с Cl Cl 
A-8. 
C(CH,); C(CH,); C(CH,); C(CH,); 
A B C D 
В-1. (b В-2. (d)  B-3. (c © B-4 (d) 
B-5. (c) B-6. (e) B-7. (d) B-8. (o) 
B-9. (d) B-10. (e) B-11. (c) B-12. (b) 
B-13. (c) В-14. © 
A-1. (a) СЕ, СЕ, (c) CCH} C(CH,), 
NH, 
+ 
NH, 
CH,O 
06 
CI NO, 
CF, C(CH,); 
A-2. (a) | (c) 
27" 
CH,O 
> 
(b) o 
CI Nw 
| 
О 
CI CI OCH, 
NO, NO, 
A-3. (a) HNO;, H,SO, NaOCH, 
heat 
NO, NO, 
CI CI NH, 
(CH3),CHCI NaNH,, NH, 
(b) ô AICI, 
CH(CH,), CH(CH,) 


(+ ortho isomer) 


(+ meta isomer) 
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R 


NF Ed 


<P NEN 


The mechanism for para substitution is similar. 


А-5. Product: СУ Intermediate: Q 


В-1. (a) B- (a) В-3. (c) B-4. (а) 
В-5. (b В-6. (a) B-. (a) В-8. (a) 


CHAPTER 24 


A-1. p-Hydroxybenzaldehyde is the stronger acid. The phenoxide anion is stabilized by conjuga- 
tion with the aldehyde carbonyl. 


OH c 
H* + 4—— —— 
© 
С уе supe 
0” “н 64 “н D `H 
OH OH OH 
CH, ом CH, CH, 
А-2. ENS C А 
NO, 
o-Cresol 
OH OH OH 
ОМ 
HNO, 
+ 
CH, CH, CH, 
NO, 
m-Cresol 
OH OH 
NO, 
HNO, 
CH, CH, 


p-Cresol 


APPENDIX A 
OH OH 
[ла Е 
А-3. + СН;СН,ССІ - 
CH, CH, 
(Friedel-Crafts acylation) 
| 
OH OCCH,CH, 
О 
| (absence of AICI) 
+ CH,CH,CCL —————> 
CH, CH, 
(Esterification) 


А-4. 
О“ Na* 
(b) 
CH, 
OCH,CH=CHCH,CH, 
А-5. 
А 
А-6. 
C(CH;), C(CH5) 
HNO, 
H,SO, 
NO, 
В-1. (d) B-2. (d) B-3. 
B-5. (c) B-6. (b) B-7. 
CHAPTER 25 
A-l. (a) CHO 
HO——H 
HO——H 
CH,OH 


L-Erythrose 


(a) ( \-on + BrCH(CH,), (с) 


+ BrCH,CH(CH,), 


CO,, 125°C, 100 atm 


Br 
OH 


oH. CHICK, 
CHCH=CH, 

B 
C(CH,), 


1. Sn, НС 


— 
2. NaOH 


2. H,O, heat 
NH, 
(b) B-4. (a) 
(b) B-8. (c) 
(b) CHO 
H——OH 
or 
HO——H 
CH,OH 
L-Threose 
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C(CH4) 


1. NaNO,, Н,50,, H,O 
> 


OH 


CH,OH 


D-Threose 
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ES 


Os оң 
(c) Н | H/OH (e) К~ CHO 
{у ne 


OH OH NN 
a-D-Erythrofuranose R ps CH,OH 
P OH 
(d) H H/H 
OH OH 
B-b-Erythrofuranose 
А-2. (a) CH,OH (b) CO, (c) 5HCO,H + HjC—O 
HO H HO——H 
HO H HO——H 
H OH H——OH 
H OH Н—— ОН 
CH,OH CH,OH 
H 9 H HO Ө H 
A-3. (a) H HO (c) OH H 
HO OH H OH 
OH H H OH 
HOCH, 0. gy 
< ун HOA, 
OH H 
A-4. B-pD-Idopyranose (8-ругапоѕе form of D-idose) 
A-5. The products are diastereomers. 
CHO 
HO——H OH 
HOCH HOCH 
HO——H uos HO 2 |-O HO 120 
+ CH,OH + 
H—— OH | НО H HO 
H——OH OCH, 
CH,OH 
р-Маппозе Methanol Methyl Methyl 
a-D-mannopyranoside B-D-mannopyranoside 


B-l. (b © В-2. (d) В-3. (b В-4. (а)  B-5 © 
B-6. (с) B-7. (a) В-8. (o) B-9 (© В-10. © 
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CHAPTER 26 
| 
О CHOC Hs CH,OH 
А-1. нон | + 3NaOH СНОН + 3C,,H,,CO,~ Ма“ 
СЊОСС „На. CH,OH 
Tristearin 


А-2. 


А-4. 


Fats are triesters of glycerol. A typical example is tristearin, shown in the preceding problem. 
A wax is usually a mixture of esters in which the alkyl and acyl group each contain 12 or 
more carbons. An example is hexadecyl hexadecanoate (cetyl palmitate). 


| 
С 5НыСОС вНаз 


(a) Monoterpene; 


(b) Sesquiterpene; 


> 


БЕ: 


(c) Diterpene; 


NU 


СОН 
оо 
CH(CH), ^ (CH,),CO,H 574 
х=, > HC=C(CH,),CH, Н 

H H 


Oleic acid 


818 APPENDIX A 


э 0 оо оо 
NaNH, PM CH,(CH,),CH,Br 
HC=C(CH,),CH, H — —-— Ма? :С==С(СН,),СН, Н ———-——— CH,(CH,),C=C(CH,),CH, H 


H,0* 


CH,(CH,), (CH,),CO,H | 
№ f H, EE Na,Cr,O, m 
joe “пар СНЗ(СН›)-С==С(СН,),СО,Н “Но, H0 CH,(CH,),C=C(CH,),CH 
H H 

+ 2 
7) OPP 
А-5. — е == КЕС: MEN 
pz OPP 2 
Geranyl pyrophosphate Limonene 
B-1. (b) B-2. (a) B-3. (с) B-4. (с) 
B-5. (a) B-6. (a) 
CHAPTER 27 
|| | 
А-1. (a) C,H,CH,CH (b C,H,;CH,OCNHCHCO,H (с) DCCI 
CH(CH,), 
А-2. а кшн 
NO, CH,C,H; 
A-3. (a) 
O O 
| NaOCH,CH, | z (CH,),CHCH,Br | 
CH,CNHCH(CO,CH,CH;), ал CH,CNHC(CO,CH,CH;), § ————> ie is LM 
CH,CH(CH,), 
1.H,0* 
2. heat 
y 
H4NCHCO, | 


| 
CH,CH(CH,), 
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о Ceu». 
(b) Leu-Val = HjNCHC—NHCHCO, 7 


CH,CH(CH,), 
О О 
| | " _ 1. NaOH, HO [| 
N-Protect leucine: C; H;CH,OCC] + DONNE za”  CHSCH;0CNHCHCO;H 
CH,CH(CH,), CH,CH(CH,), 
(Z-Leu) 
C-Protect valine: C,H,CH,OH + HNCHCO, Hr H.NCHCOCH, Cal. 
CH(CH,), CH(CH,), 


| О | CH(CH,), 
Couple: Z-Leu + H,NCHCOCH,C,H; —7©5 SECON исин НО; 


CH(CH,), 
CH,CH(CH,), 
| о CHCH,), о снн, 
‚Ра 2 
Deprotect: CH, CH,OCNHCHCNHCHCOCHICUH, — “> HNCHCNHCHCO, 
Ó CH,CH(CH,), 
CH,CH(CH,), 
А-4.  Leu-Val-Gly-Ala-Phe 
A-5. (a) Pentapeptide (c) Serine (e) Ser-Ala-Leu-Phe-Gly 
(b) Four (d) Glycine 
A-6. (a) 
ом NO, 
О + _ + = + Е 
XA | ^ HNCH,CO, + H,NCHCO, + HNCHCO, 
Ngee CH,C.H; CH,CH(CH,), 
CH, 


DNP-Ala Gly Phe Leu 
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B-1. 
B-5. 


(b) 


(c) 


(d) 


(c) 
(c) 


О О 
а ИИ + H,NCHCO,” 
A и CH,CH(CH,), 
Ala-Gly-Phe Leu 


Same as part b; Ala-Gly-Phe + Leu 


TP Pe ae еш. 
НО понео 
CH, CH,C,H; 


Z-Ala-Gly-Phe-Leu 


В-2. (с) В-3. (а В-4. (d) 
B-6. (b) B-. (© В-8. (a) 
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APPENDIX B 
TABLES 


Table B-1 Bond Dissociation Energies of Some Representative Compounds* 


Bond dissociation Bond dissociation 
energy, kJ/mol energy, kJ/mol 


Bond (kcal/mol) Bond (kcal/mol) 


Diatomic molecules 


H—H 435 (104) H—F 568 (136) 


F—F 159 (38) H—Cl 431 (103) 
Cl—Cl 242 (58) H—Br 366 (87.5) 
Br—Br 192 (46) H—I 297 (71) 
I—I 150 (36) 
Alkanes 
CH,—H 435 (104) CH,—CH, 368 (88) 
CH,CH,—H 410 (98) CH,CH,—CH, 355 (85) 
CH,CH,CH,—H 410 (98) (CH,;),CH—CH, 351 (84) 
(CH4,CH—H 397 (95) (CH,;),;C—CH, 334 (80) 
(СН), СН 380 (91) 
Alkyl halides 

CH,—F 451 (108) (CH,),CH—F 439 (105) 
CH,—Cl 349 (83.5) (CH,),CH—Cl 339 (81) 
CH,—Br 293 (70) (CH,),CH—Br 284 (68) 
CH,—I 234 (56) (CH,),C—Cl 330 (79) 
CH,CH,—Cl 338 (81) (CH,),C—Br 263 (63) 
CH,CH,CH,—Cl 343 (82) 


Water and alcohols 


HO—H 497 (119) CH,CH,—OH 380 (91) 


CH,O—H 426 (102) (CH;),CH—OH 385 (92) 
CH,—OH 380 (91) (CH,),C—OH 380 (91) 


*Note: Bond dissociation energies refer to bonds indicated in structural formula for each substance. 
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Table B-2 Acid Dissociation Constants* 
Conjugate Dissociation 

Acid Formula base constant pK, 
Hydrogen fluoride H—F F 3.5 x10 ^ 3.5 
Acetic acid CH,CO,—H CH,CO, 1.8 X 10? 4.7 
Hydrogen cyanide H—CN CN. 7.2. x 10-0 9.1 
Phenol C,H,O—H СНО“ 13 x 10779 9.8 
Water HO—H НО“ 1.8 x 1079 15.7 
Ethanol CH,CH,O—H CH,CHO^ 10779 16 
Alkyne (terminal; R = alkyl) RC=C—H ВСЕС- 10726 26 
Ammonia NH,—H NH, 107% 36 
Alkene C—H RCH—CH-—H RCH—CH Lor 45 
Alkane C—H RCH,CH,—H RCH,CH, 10 9 62 


*Note: Acid strength decreases from top to bottom of the table; conjugate base strength increases from top to bottom. 


Table B-3 Chemical Shifts of Representative Types of Protons 


Chemical shift 


Type of proton (6), ppm* Type of proton 
H—C—R 0.9-1.8 H—C—NR 
H—C— C=C 1.6-2.6 H—C—Cl 
| 

H—C—C— 2.1-2.5 H—C— Br 
H—C=c— 25 H—C—O 

| 
H—C—Ar 2.3-2.8 H—NR 

| 

| И 
cease 4.5–6.5 H—OR 
H—Ar 6.5-8.5 H—OAr 

| | 
H—C— 9-10 Н—ОС— 


Chemical shift 
(5), ppm* 


2.2-2.9 


3.1—4.1 


2.7-4.1 


3.3-3.7 


10-13" 


*These are approximate values relative to tetramethylsilane; other groups within the molecule can cause a proton signal to 


appear outside of the range cited. 


+ The chemical shifts of protons bonded to nitrogen and oxygen are temperature- and concentration-dependent. 
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Table B-4 Chemical Shifts of Representative Carbons 
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Chemical shift 


Type of carbon (8), ppm* Type of carbon 
N / 
КСН 0-35 C=C 
SIE / $ 
R,CH, 15-40 
R,CH 25—50 СУ 
RCH,NH, 35-50 
№ 
RCH,OH 50—65 6-0 
= L= 65—90 


* Approximate values relative to tetramethylsilane. 


Table B-5 Infrared Absorption Frequencies of Some Common Structural Units 


Chemical shift 
(6), ppm* 


100—150 


110—175 


190—220 


Structural unit Frequency, ст“! Structural unit 


Stretching vibrations 


Frequency, ст“! 


Single bonds x / Double bonds 
—O—H (alcohols) 3200—3600 р 1620—1680 
—O—H (carboxylic acids) 2500-3600 c=0 
| БРЕ 3350—3500 Aldehydes and ketones 1710-1750 
А 
sp C—H 3310-3320 Carboxylic acids 1700-1725 
sp? C—H 3000—3100 Acid anhydrides 1800—1850 and 1740—1790 
5р3 C—H 2850—2950 Acyl halides 1770-1815 
Esters 1730-1750 
sp? C—O 1200 Amides 1680—1700 
sp? C—O 1025—1200 
Triple bonds 
—C=C— 2100—2200 
—C=N 2240-2280 
Bending vibrations of diagnostic value 
Alkenes Substituted derivatives of benzene 
Cis-disubstituted 665—730 Monosubstituted 730—770 and 690—710 
Trans-disubstituted 960—980 Ortho-disubstituted 735-770 
Trisubstituted 790-840 Meta-disubstituted 750—810 and 680—730 
Para-disubstituted 790-840 


